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The serine/threonine kinase B-Raf is the second most fre-

quently occurring human oncogene after Ras. Mutations of

B-Raf occur with the highest incidences in melanoma, and the

most common mutant, V600E, renders B-Raf constitutively

active. The sodium proton exchanger isoform 1 (NHE1) is a

ubiquitously expressed plasma membrane protein responsible

for regulating intracellular pH, cell volume, cell migration, and

proliferation. A screen of protein kinases that bind to NHE1

revealed that B-Raf bound to the cytosolic regulatory tail of

NHE1. ImmunoprecipitationofNHE1 fromHeLa andHEKcells

confirmed the association of B-Raf with NHE1 in vivo. The
expressed and purifiedC-terminal 182 amino acids of theNHE1

protein were also shown to associate with B-Raf protein in vitro.
Because treatmentwith the kinase inhibitor sorafenibdecreased

NHE1 activity in HeLa and HEK cells, we examined the role

of B-Raf in regulating NHE1 in malignant melanoma cells.

Melanoma cells with the B-RafV600E mutation demonstrated

increased resting intracellular pH that was dependent on ele-

vated NHE1 activity. NHE1 activity after an acute acid load was

also elevated in these cell lines. Moreover, inhibition of B-Raf

activity by either sorafenib, PLX4720, or siRNA reduction of

B-Raf levels abolished ERK phosphorylation and decreased

NHE1 activity. These results demonstrate that B-Raf associates

with and stimulates NHE1 activity and that B-RafV600E also

increases NHE1 activity that raises intracellular pH.

The Na�/H� exchanger is a cation-transporting pH-regula-

tory protein. In eukaryotes, the protein exchanges one extracel-

lular Na� for one intracellular H� across lipid bilayers. The

ubiquitous isoform of the protein, Na�/H� exchanger type 1

(NHE1), is present on the plasma membrane and is critical in

regulation of intracellular pH and in response to osmotic chal-

lenge in mammalian cells (1). HumanNHE1 is 815 amino acids

consisting of a 500-amino acid transmembrane domain and a

315-amino acid regulatory cytosolic tail. The cytosolic tail has

been shown to be subject to regulatory phosphorylation and

can bind regulatory proteins, including calmodulin (2, 3).

NHE1 has numerous physiological roles. In the myocar-

dium, NHE1 is critical in mediating the damage that occurs

with myocardial ischemia/reperfusion injury (4, 5) and is

also an important mediator of cardiac hypertrophy (6). How-

ever, NHE1 also is important in cell volume regulation, cell

differentiation, and in cell proliferation (1, 7–9). Notably,

NHE1 has been shown to interact with many different sig-

naling molecules and has been suggested to act as a scaffold-

ing platform for signaling complexes (10, 11). NHE1 also has

several mechanisms by which it contributes to cell migra-

tion, including assembly of cytoskeletal elements and via

regulation of intracellular pH (10, 12).

Serum deprivation of the tumor microenvironment stimu-

lates NHE1 in breast cancer cells and promotes increased cell

motility and invasiveness in these cells (13, 14). Themechanism

by which NHE1 contributes to the growth and metastasis of

transformed cells occurs in several ways. NHE1 contributes to

the increased DNA synthesis and cell cycle progression of

transformed cells by increasing intracellular pH. Additionally,

NHE1 has been suggested to play an important role in regulat-

ing the tumormicroenvironment by acidifying the extracellular

milieu, promoting extracellular adhesion and thereby promot-

ing invasiveness of melanoma cells (8).

Although it was previously suggested that the role of NHE1

as a signaling scaffold should be further investigated (11), lim-

ited progress has been made in this area. We have shown pre-

viously thatNHE1 is regulated by theMAPK-signaling pathway

(15, 16). This pathway is activated in most melanomas. In this

study, we examined the interaction of NHE1 with a member of

this pathway, the B-Raf protein kinase. B-Raf-activating muta-

tions have been foundwith high frequencies inmelanomas (17).

Among these mutations, the most common is a single amino

acid substitution of V600E, which makes the B-Raf kinase

hyperactive resulting in the constitutive activation of MAPK

cascade. Indeed, the mutation data currently listed at the

COSMIC website demonstrate that in 39% of melanoma

patients (n � 4431), B-Raf mutations can be detected, of which

the B-RafV600E is the most prominent mutation found in more

than 80% of the patients with B-Raf mutations. The inhibition

of this oncogenic B-Raf is a promising therapeutic target for

treating melanoma (18). In this study, a screen of the NHE1

cytoplasmic domain for interacting partners led to the discov-

ery that B-Raf complexes with NHE1. We show, for the first

time, that B-Raf binds to and regulates NHE1.We also demon-

strate that human malignant melanoma cells with the

B-RafV600E mutation have elevated intracellular pH and NHE1

activity.
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EXPERIMENTAL PROCEDURES

Materials—Routine chemicals were of analytical grade and

were purchased from Fisher, BDH (Toronto, Ontario, Can-

ada), or Sigma. 2�,7-Bis(2-carboxyethyl)-5(6)-carboxyfluores-
cein-AM was from Molecular Probes (Eugene, OR). EMD87580

was a kind gift of Dr. N. Beier, Merck. LipofectamineTM 2000

reagent was from Invitrogen. Mouse anti-NHE1 antibody was

from BD Biosciences. Anti-hemagglutinin (HA) antibody Y-11

was from Santa Cruz Biotechnology (Santa Cruz, CA), and pro-

tein-A-Sepharose beads were from Sigma. DMEM and RPMI

1640 medium were also from Sigma. Sorafenib was obtained

from LC Laboratories (Woburn, MA). Dithiobis(succinimidyl-

propionate) was purchased from Pierce. Anti-B-Raf antibody

was from Santa Cruz Biotechnology (sc-5284). Phospho-

ERK1/2 (Thr-202/Tyr-204)-mouse monoclonal and ERK1/

2(p44/42 MAPK)-rabbit polyclonal antibodies were from Cell

Signaling Technology (Danvers, MA). The plasmids encoding

for B-Raf (pEFmB-Rafwt) and B-Raf with the V600E mutation

(pEFmB-RafV600E) (19) were the generous gift of Dr. Richard

Marais (Institute of Cancer Research, UK, Center for Cell and

Molecular Biology).

Screening for NHE1-interacting Proteins—To identifyNHE1-

interacting proteins, we used an affinity chromatography tech-

nique similar to that used earlier for the potassium channel

(20). The C terminus of the rabbit NHE1 isoform of the

Na�/H� exchanger, amino acids 545–816, was produced as a

fusion protein with glutathione S-transferase essentially as

described earlier (21). The primer pair used for amplification of

the sequence was 5�-acggatccattggaaagacaagctcaaccggttta-3�
and 5�-aagaattcactgccctttggggatgaaaggct-3�, and for cloning

and expression, we used the plasmid pGEX-3X in the BamHI-

EcoRI sites as described earlier (21). Purification was with glu-

tathione-Sepharose affinity chromatography after induction at

30 °C with isopropyl �-D-thiogalactopyranoside. Glutathione
S-transferase was produced and purified using the same plas-

mid without an exogenous insert.

Heart extracts were prepared by initially grinding 10 frozen

rat hearts with a mortar and pestle using liquid nitrogen for

cooling, prior to homogenization. Hearts were homogenized in

10 volumes of 20mMHEPES, pH 7.2, 1mMEDTA, 1mMEGTA,

1 mM DTT, 1 mM PMSF, 3 mM benzamidine, 1% Triton X-100,

and a mixture of protease inhibitors (22). Homogenization was

with a Polytron homogenizer, three times for 15 s on ice. The

homogenate was then sonicated four times for 10 s on ice.

Nuclei and debris were collect by centrifugation two times at

1000 � g for 10 min. The supernatant was then centrifuged at

40,000 � g for 10 min. The next supernatant was centrifuged

at 100,000 � g for 1 h, and the supernatant was collected and

frozen prior to use.

For affinity chromatography, 5mg of purifiedGSTprotein or

purified GST-NHE1 fusion protein was passed through a glu-

tathione-Sepharose column several times. The column was

washed with 20 volumes of buffer A containing 20 mM HEPES,

pH 7.2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 3

mM benzamidine, 1% Triton X 100, and protease inhibitors.

The GST or GST-NHE1-loaded matrix was added to solubi-

lized heart proteins from 10 hearts and incubated overnight at

4 °C while rotating. After incubation, the matrix was loaded

onto a column andwashedwith 20 volumes of bufferA.GST (as

a control) or GST-NHE1-bound proteins were eluted with 5

mM glutathione in buffer A. Dialysis removed residual glutathi-

one, and eluted proteins were precipitated with trichloroacetic

acid.

To determine the protein kinases that bound to the cytosolic

tail of NHE1, both experimental and control proteins eluted

were initially screened using a KinexTM protein kinase array

(Kinexus Bioinformatic Corporation, Vancouver, British

Columbia, Canada). This identified protein kinases and related

proteins thatwere binding to theNHE1C-terminalGST fusion.

These results were compared with the control screen of sample

binding to the GST affinity column. B-Raf and several other

protein kinases were found to bind to the NHE1 C-terminal

fusion and not to the GST column alone. As a second screen,

the affinity chromatography procedure described above was

repeated again, and an independently made sample was sub-

jected to aWestern blotting screening using antibodies against

the putative positive interacting proteins (KinetworksTMmulti-

immunoblot analysis, Kinexus Bioinformatic Corp.).

Cell Culture—Human cervical cancer cells (HeLa) and

human embryonic kidney cells (HEK293) were grown in a

humidified atmosphere of 5% CO2 and 95% air in DMEM sup-

plemented with 10% (v/v) fetal bovine serum, 20 mM HEPES,

penicillin (100 units/ml), and streptomycin (100 �g/ml) at

37 °C. Human malignant melanoma cell lines were cultured in

RPMI1640mediumsupplementedwith 10% fetal bovine serum

as described earlier (23).

Cell Surface Expression—The relative levels ofNHE1 cell sur-

face expression were measured essentially as described earlier

(24). HEK orHeLa cells were transfected withNHE1 plus B-Raf

expression plasmid or control vector as above. Cell surfaces

were labeled with sulfo-NHS-SS-biotin (Pierce), and immobi-

lized streptavidin resin was used to remove plasma membrane

NHE1 protein. Equal amounts of total and unbound proteins

were analyzed by Western blotting and densitometry mea-

suring immunoreactive (HA-tagged) NHE1 protein. It was not

possible to efficiently and reproducibly elute proteins bound to

immobilized streptavidin resin. The relative amount of NHE1

on the cell surface was calculated for both the 110- and 95-kDa

(partial or de-glycosylated) HA-immunoreactive species in

Western blots of the fractions as indicated in the figures and

legends.

Immunoprecipitations—To determine whether NHE1 and

B-Raf interacted in vivo, we used co-immunoprecipitation

essentially as described earlier (25). HeLa and HEK293 cells

were transfected with the plasmid pYN4� to express the entire

cDNA for the coding region of the Na�/H� exchanger with a

hemagglutinin (HA) tag that we have previously shown does

not affect the function of the protein (24). For transient expres-

sion of B-Raf proteins, the plasmids encoding for B-Raf

(pEFmB-Rafwt) and B-Raf with the V600E mutation (pEFmB-

RafV600E) (19) were used. The transfection of cells was done as

described earlier with LipofectamineTM 2000 reagent (24).

After 24 h of transfection, cells (100-mm dishes) were washed

two timeswith phosphate-buffered saline (PBS, 150mMNaCl, 5

mM sodium phosphate, pH 7.4) and then frozen in 1ml of RIPA
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buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 80 mM NaF, 5

mMEDTA, 1mMEGTA, 1mM sodiumorthovanadate, 1%Non-

idet P-40, 0.05% deoxycholate, and protease inhibitor mixture)

by placing cells on dry ice. After thawing of cells on ice, the cells

were collected by scraping and sonicated for 15 s. This lysate

was centrifuged (10,000 � g for 30 min), and the supernatant

was incubated with 7.5 �l (1.4 �g/ml) of rabbit anti-HA poly-

clonal antibody and rocked for 2 h at 4 °C. Supernatant with

antibody was added to 100 �l of prepared protein A-Sepharose

beads and agitated overnight at 4 °C. Beads were collected by

centrifugation at 7000 rpm for 30 s and washed four times with

RIPA buffer before final collection. After washing, the bound

protein was eluted from the washed beads by incubating with

45 �l of 1� SDS-PAGE sample loading buffer at 37 °C for 15

min and immunoblotted as described below.

For immunoprecipitation of endogenous NHE1 and B-Raf,

confluent HeLa and HEK293 cells were washed twice with

phosphate-buffered saline (PBS, 150 mM NaCl, 5 mM sodium

phosphate, pH 7.4). Dithiobis(succinimidylpropionate), a

cross-linking reagent, was added to cells at a final concentration

of 2 mM in reaction buffer (20 mM sodium phosphate, 20 mM

Na2HPO4, 1.76 mM KH2PO4, 150 mMNaCl, pH 7.4) for 30 min

at room temperature. The reaction was terminated by addition

of Tris, pH 7.5, to a final concentration of 10 mM for 15 min at

room temperature. Cells were then washed with phosphate-

buffered saline. The balance of the steps was performed at 4 °C

unless otherwise noted. HeLa and HEK293 cells were lysed in 1

ml of RIPA buffer as described above. Cells were scraped off the

Petri dishes followed by sonication for 15 s. The lysate was

centrifuged at 100,000 � g for 1 h. After centrifugation, the

supernatants were rocked for 2 h with protein G-agarose beads

to remove nonspecific binding proteins. This was centrifuged

to remove the beads (3000 rpm, 30 s), and the supernatants

containing Na�/H� exchanger and B-Raf were rocked for 4 h

with 7.5 �l of mouse anti-B-Raf monoclonal antibody. After-

ward, protein G-agarose was added, and the sample was rocked

overnight in a cold room. The resin was washed with RIPA

buffer three times, and bound protein was removed by incubat-

ing with SDS-PAGE sample buffer with 10 mMDTT for 30 min

at 37 °C. Proteins were transferred to nitrocellulose after SDS-

PAGE and probed with anti-NHE1 (Millipore, Temecula, CA)

antibody.

Immunoblotting—SDS-PAGE and immunoblotting were

performed essentially as described earlier (26). For Western

blot analysis, equal amounts of up to 100 �g of each sample

were resolved on 10% SDS-polyacrylamide gels. Nitrocellulose

transfers were immunostained, and we used Li-COR fluores-

cence labeling and detection systems (LI-COR Biosciences,

Lincoln, NE) to visualize and quantify immunoreactive

proteins.

Measurement of Intracellular pH—Intracellular pH mea-

surement was essentially as described earlier (24). Cells were

grown on coverslips to subconfluency, and pH changes were

measured using a PTI Deltascan spectrofluorometer and the

fluorescent compound 2�,7-bis(2-carboxyethyl)-5(6)-carboxy-
fluorescein-AM. Cells were acidified using ammonium chlo-

ride, and the initial rate of recovery was measured during the

first 20 s after return of NaCl at 37 °C. A calibration curve was

done with nigericin at the end of every experiment to calibrate

intracellular pH to fluorescence as described earlier (24).

Where indicated, individual buffering capacity of each cell type

was determined as described earlier (27, 28), and proton flux

was calculated as described earlier (27, 28) from individual buff-

ering capacities. Some assays were done in the presence of 10

�M of EMD 87580, 10 �M Sorafenib, or 10 �M PLX4720.

Production of B-Raf Protein—B-Raf protein was produced in

HeLa cells. HeLa cells were cultured in DMEM supplemented

with 10% fetal bovine serum, 25 mM HEPES, penicillin (100

units/ml), and streptomycin (100 �g/ml) in a humidified 5%

CO2 atmosphere at 37 °C. Transient transfectionsweremade at

80–90% confluence with LipofectamineTM 2000 as described

above. The plasmids pEBG-B-RafWT and pEBG-B-RafV600E

were used to express GST fusion B-Raf wild type or mutant

protein in HeLa cells (29). Cells were lysed 48 h after the trans-

fection in lysis buffer (20mMTris-HCl, pH 7.5, 150mMNaCl, 1

mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyro-

phosphate, 1 mM Na3VO4, and proteinase inhibitors) and

placed on dry ice. Cells were defrosted and removed from the

Petri dishes and sonicated two times for 15 s. The lysate was

centrifuged (60,000� g for 1 h at 4 °C), and the supernatant was

collected for overlay experiments or was purified via GST affin-

ity chromatography.

Overlay Procedure—To examine wild type B-Raf or mutant

V600E binding to the Na�/H� exchanger, we expressed and

purified the C-terminal region of the NHE1 protein essentially

as described earlier (30). Two His-tagged fusion proteins were

used of the human NHE1 C terminus consisting of the distal

182 (His-182, amino acids 634–815) and 239 (His-239, amino

acids 577–815) amino acids. Controls were two other His-

tagged proteins. A His-tagged calcineurin homologous protein

(HisCHP) was produced as described earlier (26), and the His-

tagged MgATPase protein was a gift of Dr. H. Young (Depart-

ment. of Biochemistry,University ofAlberta). Equal amounts of

protein samples were separated on 10% SDS-PAGE and then

transferred to nitrocellulose membranes. Nitrocellulose mem-

branes were blocked with 10% (w/v) skim milk powder in TBS

(20mMTris, pH7.4, 137mMNaCl) for 3 h at room temperature.

They were then incubated with wild type B-Raf protein or

mutant B-RafV600E protein. Either purified protein or superna-

tant of cell lysates containing B-Raf proteins was used where

indicated. Membranes were rocked gently overnight at 4 °C.

Membranes were washed with TBS four times for 15 min at

room temperature. The nitrocellulose was then incubated with

rabbit anti-GST antibody (1:5000) or mouse anti-B-Raf anti-

body (1:2000) in TBSwith 1% skimmilk powder for 2 h at room

temperature followed by washing for another 1 h with TBS.

Further amplification was achieved by a subsequent incubation

with goat anti-rabbit/mouse-horseradish peroxidase antibod-

ies. Reactive bands were visualized by the enhanced chemilu-

minescence system (Amersham Biosciences).

siRNA Transfection—For siRNA reduction of B-Raf levels,

the following sets of RNAoligonucleotideswere used: to reduce

wild type B-Raf, Raff, AGAAUUGGAUCUGGAUCAU, and

Rafr, AUGAUCCAGAUCCAAUUCU; to reduce mutant

V600E B-Raf, V600Raff, GCUACAGAGAAAUCUCGAU, and

V600Rafr, AUCGAGAUUUCUCUGUAGC; and to control
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NonSpf, AUUCAUGGAUCUAGAGGArU, and NonSpr,

AUCCUCUAGAUCCAUGAAU. These were based on the

sequences used earlier (31). siRNA duplexes were prepared

as described previously (32). The transfection was done

with LipofectamineTM 2000 following the manufacturer’s

protocol.

Statistical Analysis—Results are shown as mean � S.E., and

statistical significancewas determined using aWilcoxon-Mann

Whitney rank sum test.

RESULTS

A screen for protein kinases interacting with the C-terminal

272 amino acids of the NHE1 isoform of the Na�/H�

exchanger (KinexTM protein kinase array) revealed several

putative protein kinases of rat heart extracts that potentially

interact with this domain, including B-Raf. As the C-terminal

region of NHE1 was a fusion protein with GST, results of the

screenwere comparedwith that of a screenwithGST alone and

the relative signal strength is indicated (Table 1). The strongest

signal observed reacting with theNHE1-C terminus was that of

B-Raf. Several forms of protein kinase C also reacted as did

protein phosphatase 1, heat shock protein, and p90Rsk.We per-

formed a second independent screen again using the C-termi-

nal 272 amino acids of the NHE1 isoform followed byWestern

blot analysis. This analysis demonstrated that B-Raf was the

strongest positive-reacting kinase bound to theNHE1 cytosolic

domain (supplemental Fig. S1). For this reason, we further

investigated the potential interactions of B-Raf with the NHE1

protein.

Initial experiments were performed on HeLa and HEK cells.

We confirmed that transfection with B-Raf increased B-Raf

protein levels and caused activation of the ERK pathway

increasing phospho-ERK levels (Fig. 1A). The levels of phos-

pho-ERK were increased higher with expression of the

B-RafV600E plasmid than with the wild type B-Raf. The levels of

the ERK1/2 protein were unchanged by expression of B-Raf.

We examined if B-Raf was bound to theNHE1 protein in two

cell types, HeLa and HEK cells. An HA-tagged NHE1 protein

was expressed and immunoprecipitated from these cells, and

the immunoprecipitate was examined for the presence of B-Raf

protein. The results (Fig. 1B) demonstrated an association

between the proteins; in bothHeLa cells (upper panel) andHEK

cells (middle panel), B-Raf immunoprecipitated with the

TABLE 1
Protein interactions with the C-terminal 272 amino acids of the NHE1
isoform of the Na�/H� exchanger
Results were from a KinexTM protein kinase array and are presented as a compara-
tive value to a screen done with a control (GST protein).

Protein

Signal strength,
fold change
over control

RafB proto-oncogene-encoded protein-serine kinase 237
Protein-serine kinase C� 201
Bcl2-like protein 1 155
p53-induced protein PIGPC1 149
Platelet-derived growth factor receptor kinase �/� 113
Protein-serine kinase C� 91
Protein-serine kinase C� 90
Protein-serine kinase C� 89
Heat shock 90-kDa protein �/� 87
Protein-serine phosphatase 1, catalytic subunit,

� isoform
86

FLJ35932 protein-serine kinase 83
cAMP-dependent protein-serine kinase-type
I-� regulatory chain

79

Ribosomal S6 protein-serine kinase 1/2 77

FIGURE 1. Characterization of B-Raf expression and its interaction with
NHE1 in HeLa and HEK cells. HeLa or HEK cells were transiently transfected
with wild type (Wt) B-Raf or V600E mutant B-Raf plasmid (V600E) for 24 h, and
the cell lysates were prepared and run for Western blotting. Ct indicates
mock-transfected cells. A, upper panel, Western blot with anti B-Raf antibody.
Middle panel, Western blot with anti-phospho-ERK1/2 antibody. Lower panel,
Western blot with anti ERK1/2 antibody. Results are typical of three experi-
ments. B, co-immunoprecipitation of (wild type) B-Raf and NHE1. HEK or HeLa
cells were transiently transfected with an expression plasmid for NHE1 (NHE1)
and for wild type B-Raf where indicated. NHE1 was then immunoprecipitated
(IP) using antibody against the NHE1-HA tag as described under “Experimen-
tal Procedures.” Immunoblotting (IB) was done with anti-B-Raf antibody or
with anti NHE1 protein antibody as indicated. C, immunoprecipitation of
endogenous NHE1 and B-Raf. Confluent HeLa or HEK293 cells were cross-
linked in the presence of dithiobis(succinimidylpropionate), and cell lysates
were prepared as described under “Experimental Procedures.” B-Raf was
immunoprecipitated (IP) using antibody against B-Raf where indicated. The
co-IP complex was solubilized with SDS-PAGE sample buffer containing 10
mM DTT for 30 min at 37 °C. After SDS-PAGE, proteins were transferred onto
nitrocellulose for immunoblotting (IB), which was done with anti-NHE1 anti-
body (Millipore, Temecula, CA) or with anti-B-Raf antibody as indicated. Arrow
denotes location of NHE1 protein. * indicates nonspecific protein present in
all samples. Results are typical of at least three experiments.

B-Raf Associates with and Activates the Na�/H� Exchanger

APRIL 15, 2011 • VOLUME 286 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 13099

http://www.jbc.org/cgi/content/full/M110.165134/DC1
http://www.jbc.org/


expressed NHE1 protein. A control of untransfected cells

showed only a background immunoreactivity that occurred

with the antibody used.

We confirmed that endogenous B-Raf and NHE1 were asso-

ciated with each other in untransfected cells. Immunoprecipi-

tation of B-Raf from either HeLa or HEK cells confirmed that

NHE1 protein was associated (Fig. 1C). These results demon-

strated that the association we observed was present with

endogenous levels of the proteins, that the reverse immunopre-

cipitation was also possible, and that B-Raf could be used to

immunoprecipitate NHE1 and maintain an association with

NHE1.

We next determined if B-Raf had a significant role in main-

taining NHE1 activity in HEK and HeLa cells. Cells were sub-

jected to an ammonium chloride-induced acid pulse, and the

initial rate of recovery after acidosis was measured in the pres-

ence or absence of sorafenib, a known inhibitor of B-Raf kinase

activity. The rate of recovery (�pH/S) for HEK and HeLa cells

was 0.005� 0.0003 and 0.0085� 0.0001, respectively. For both

cell types, sorafenib caused significant decreases in the rate of

recovery after acid load (Fig. 2, A–C). For HeLa cells, the

decrease was �20% of the control recovery rate (Fig. 2, A and

C), although for HEK cells this was �35% (Fig. 2, B and C).

Further experiments involved the characterization of intra-

cellular pH regulation in human melanoma cell lines. We ini-

tially examined resting intracellular pH in cell lines harboring

the B-RafV600E mutation, in comparison with cell lines without

this mutation. The results are shown in Fig. 3A. Resting pHwas

�7.2 in M19 and MV3 cells that do not carry the B-RafV600E

mutation. In cells with the mutation, resting pH was between

0.1 and 0.3 pH units higher; in IF6 and Mel2a cells it reached a

pH of almost 7.6. EMD87580 had no significant effect on rest-

ing pH in cells without the B-RafV600Emutation.However, in all

other cells with the B-RafV600E mutation, EMD8750 signifi-

cantly reduced the intracellular pH to levels similar (pH 7.2–

7.3) to cells without the B-RafV600E mutation.

Fig. 3B is a comparison of NHE1 activity between the various

human melanoma cell lines, after being challenged by an acid

load. To better compare the effects between different cell types,

in these experiments, we measured buffering capacity of each

cell type (supplemental Fig. S2) and compared the rates of pro-

ton flux between cells (as opposed to change in internal pH).

Individual buffering capacities of each cell type were used to

calculate proton flux. After being challenged by acid load, M19

and MV3 had relatively low NHE1 activity. IF6, Mel2a, and

FM82 all had NHE1 activity that was significantly elevated rel-

ative to M19 and MV3 cells. The activity of FM55 cells was

elevated compared with MV3 cells but was not significantly

different from that of M19 cells.

We usedWestern blotting to examine the levels of B-Raf and

NHE1 protein in the various cell lines (Fig. 4). Immunoblotting

with anti-B-Raf antibody showed that the amount of B-Raf pro-

tein was similar in the various cell types. Western blotting with

anti-NHE1 antibody showed the standard pattern of two main

immunoreactive bands, one fully glycosylated protein and one

partial or de-glycosylated protein (24). The level of NHE1 var-

ied somewhat from one cell type to another, but there was no

consistent pattern of elevatedNHE1 expression in cellswith the

B-RafV600E mutation. We also examined the levels of ERK1/2

and phospho-ERK1/2 levels in these cell lines. Similar levels of

ERK1/2 protein were found in the various cell types. As

FIGURE 2. Effect of sorafenib on NHE1 activity in HeLa and HEK cells. A and
B, examples of measurement of Na�/H� exchanger activity after ammonium
chloride-induced acid load in HEK (A) and HeLa (B) cells. Lines indicate the
presence of ammonium chloride- and NaCl-containing solutions. Traces are
shown for ammonium chloride treatment and recovery in the absence of
sorafenib. For clarity, only the recovery is shown for the sorafenib-treated
cells. Ct, cells recovering from acid load in the absence of sorafenib. �S, cells
recovering from acid load in the presence of sorafenib. C, summary of effects
of sorafenib NHE1 activity. * indicates significantly decreased from the
absence of sorafenib p 	 0.0001. Values are mean � S.E. of 13–21 experi-
ments. NHE1 activity of sorafenib-treated cells is expressed as a percentage of
untreated control cells. S.E. for controls were calculated from the absolute
values of NHE activity.
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expected, cells with the B-RafV600E mutation had an elevated

level of phospho-ERK1/2 protein compared with the control

M19 and MV3 cell lines.

To ensure that MAPK pathways were selectively activated in

the human cell lines, we tested the effect of sorafenib andU0126

on the level of phospho-ERK1/2 in M19, MV3, IF6, and Mel2a

cells. Fig. 5A confirmed that the MAPK signaling pathway was

functional in these cells. ERK1/2 phosphoprotein levels were

inhibited by sorafenib and U0126. Sorafenib at concentrations

of 5–20 �M decreased the levels of pERK1/2 as did treatment

with the MEK inhibitor U0126. This occurred in the human

melanoma cell lines with (IF6 and Mel2a) and without (M19

and MV3) the B-RafV600E mutation. Because sorafenib is not a

very specific inhibitor of B-Raf, we also examined the effect of

PLX4720, a newly developed specific inhibitor of B-RafV600E

(33). PLX4720 did not affect the levels of pERK1/2 in cells with-

out the B-RafV600E mutation but did decrease the levels of

pERK1/2 in both IF6 andMel2a cells. This result was consistent

with its specific inhibition of the B-RafV600E mutation (33).

We then determined the effect of sorafenib onNHE1 activity

inmalignantmelanoma cell lines (Fig. 6A). The absolute level of

activity of the M19, MV3, Mel2a, IF6, FM55, and FM81 cells

was 0.0025 � 0.00024, 0.0016 � 0.00005, 0.005 � 0.00014,

0.0075 � 0.00011, 0.0075 � 0.00008, and 0.0058 � 0.00029. In

bothM19 andMV3 cell lines without the B-RafV600E mutation,

sorafenib had no effect on the rate of recovery after an acid load.

In contrast, sorafenib significantly decreased NHE1 activity in

cell lines harboring the B-RafV600E mutation. For Mel2a and

IF6, this decrease was about 30%, and in FM55 and FM82 cells,

it was �40%. For Mel2a and M19 cells, we also determined the

effect of the more specific inhibitor of B-RafV600E PLX4720 on

NHE1 activity (Fig. 6B). Similar to the results with sorafenib,

PLX4720 inhibited NHE1 activity in Mel2a cells that have the

B-RafV600E mutation but not in M19 cells that do not have the

mutation. This observation was consistent with PLX4720

affectingNHE1 activity through themutant B-RafV600E protein.

Because sorafenib is a multikinase inhibitor, we wanted to

confirm that the effects of sorafenib were mediated via B-Raf.

Therefore, we used siRNA to down-regulate B-Raf in two cell

types, HeLa cells and Mel2a cells. The latter was chosen as it

demonstrated the highest NHE1 activity of the melanoma cell

types. As shown in Fig. 7A, treatment with siRNA specific to

B-Raf reduced the level of this protein, although scrambled

siRNA had no effect. Accordingly, upon B-Raf V600E-specific

siRNA treatment, phospho-ERK1/2 levels were reduced in

Mel2a and HeLa cells. Importantly, this siRNA treatment

caused significant declines inNHE1 activity in both of these cell

types (Fig. 7B).

To determine whether B-Raf expression increased NHE1 by

either increasing protein expression or by changing the target-

ing of the protein, we examined the effect of B-Raf on these two

parameters. The results are shown in Fig. 8. For both HeLa and

HEK cells, expression of B-Raf did not affect the efficiency of

targeting or the expression level of the protein.

We next produced wild type and mutant B-Raf proteins and

also the C terminus of the Na�/H� exchanger to determine

FIGURE 3. Characterization of pHi and Na�/H� exchanger activity in mel-
anoma cells with the B-RafV600E mutation. A, resting intracellular pH was
determined in human melanoma cell lines either with or without the
B-RafV600E mutation as described under “Experimental Procedures.” Cells with
the B-RafV600E mutation are indicated. �, indicates the addition of 10 �M

EMD87580, a specific inhibitor of NHE1 activity. * indicates significantly
decreased from the absence of EMD87580 at p 	 0.01. Values are mean � S.E.
of 6 –12 experiments. B, proton extrusion rates by various cells lines with or
without the B-RafV600E mutation. Cells were acidified using ammonium chlo-
ride prepulse, and the initial rate of recovery was used with the buffering
capacity of cells to calculate proton flux. Values are the mean � S.E. of 6 – 8
experiments. ∧ indicates significantly elevated from M19 or MV3 rates at p 	
0.01, * indicates significantly elevated from MV3 rates at p 	 0.05.

FIGURE 4. Western blot analysis of protein expression in human mela-
noma cell lines. Cell extracts were made as described under “Experimental
Procedures.” Upper panel, immunotransfers were blotted with anti-B-Raf anti-
body. 2nd to 4th panels were immunoblotted with anti NHE1, anti-phospho-
ERK1/2, and anti ERK1/2 antibodies, respectively. Results are typical of three
independent experiments.
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whether B-Raf could interact directly with the C-terminal

region of NHE1. B-Raf was produced in eukaryotic cells

because of the purported difficulty of production in Escherichia

coli.4 A GST fusion protein of mutant and wild type B-Raf was

successfully produced in HeLa cells and could be purified using

the GST tag (Fig. 9A). Fig. 9A demonstrates that, as expected,

the GST fusion protein of mutant andWTB-Raf was produced

in HeLa cells with an apparent molecular weight greater than

that of endogenous B-Raf. Upon purification via GST affinity

chromatography, only the larger immunoreactive GST-tagged

B-Raf protein was present.

To determine whether B-Raf could interact directly with the

C terminus of NHE1, we produced and purified twoC-terminal

His-tagged proteins consisting of the distal 239 and 182 amino

acids of the NHE1 protein. Two controls of other His-tagged

proteins were also used (CHP and a MgATPase). These pro-

teins were transferred to nitrocellulose and incubated withWT

and mutant B-Raf protein. Fig. 9B shows a Ponceau S stain of

the transfer to nitrocellulose membrane, which was done to

confirm that the proteins transferred properly prior to incuba-

tion with B-Raf proteins. All proteins transferred to the mem-

brane though the larger His-MgATPase appeared to transfer

less effectively. After incubation with WT and mutant B-Raf

proteins, we found that both the His-239 and His-182 proteins

bound to both WT and mutant B-Raf protein. There was no

binding to the His-tagged CHP protein or to the His-tagged

MgATPase.We obtained similar results in several experiments,

including whether the primary antibody to develop the overlay

was either anti-B-Raf or anti-GST (which would react with the

GST tag on the B-Raf protein).

DISCUSSION

In this study, we demonstrate the novel result that B-Raf

binds to and regulates the NHE1 isoform of the Na�/H�

exchanger. In this regard, we initially found that B-Raf bound to

the cytosolic domain of NHE1 in a screen for protein kinases

binding to this region. B-Raf binding was the strongest signal

that we obtained. Several other proteins were found to bind to

the NHE1 C terminus. This included heat shock protein and

protein phosphatase 1. We have previously demonstrated that

the heat shock protein (21) and protein phosphatase 1 (34)

interact with this region of the protein. NHE1 is known to be

phosphorylated by p90Rsk (35), which alongwith ERK1/2medi-

ates acidosis induced activation of NHE1 (15, 36). p90Rsk also

bound to the C-terminal region.We found positive results with

these proteins, which suggest that the screening system dem-

onstrated legitimate protein-protein interactions. Interest-

ingly, several other kinases bound to the C terminus, including

several isoforms of protein kinase C. Although protein kinase C

has been suggested to play a regulatory role for NHE1 (37), this

and several other potential regulators were not investigated at

this time.

Because of its important physiological and pathological role,

and because B-Raf demonstrated the strongest signal in our

system, we investigated its interactions with the NHE1. In two

different cell types, we found NHE1 and B-Raf form a complex

together as demonstrated by immunoprecipitation. The nature

of the complex, whether direct or indirect, is not known. NHE1

is a target formultiple protein kinases, includingMAPK (9), and

it has been suggested that they may exist as complexes with

other members of their pathway (38, 39). It is possible that

B-Raf is one member of a complex, although this still has to be

demonstrated.

We examined the functional significance of B-Raf associa-

tion with the NHE1 protein. Initial experiments used the non-

selective kinase inhibitor sorafenib. This compound has been

used previously as a B-Raf inhibitor in clinical trials (40), but it

is known to be not entirely specific for B-Raf (41). These exper-

iments showed that sorafenib inhibited NHE1 activity in HEK

and HeLa cell lines, suggesting a possible link between B-Raf

and pH regulation by NHE1. Because hyperactive B-RafV600E

has been implicated in human melanomas (17), we examined4 R. Marais, personnel communication.

FIGURE 5. Western blot analysis of pERK1/2 and ERK1/2 levels after treatment with sorafenib, U0126, or PLX4720. Cell lysates of M19, MV3, IF6, or Mel2a
cells were analyzed for pERK1/2 and ERK1/2. Panels were immunoblotted with anti-phospho-ERK1/2 and anti-ERK1/2 antibodies as indicated. A, Sor indicates
cells were treated with sorafenib at the concentrations indicated (5–20 �M) for 20 min prior to harvest. U indicates cells were treated with 10 �M U0126 for 20
min prior to harvest. C indicates mock-treated control cells. B, as in A but cells were treated with the indicated concentration of PLX4720. Results are typical of
three separate experiments.
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pH regulation in several human melanoma cell lines with or

without the B-RafV600E mutation. It was of note that human

melanoma cells with this mutation had elevated resting intra-

cellular pH values and increased the proton flux that was abol-

ished by sorafenib. The activation of NHE1 was likely through

the ERK1/2 pathway because B-Raf is known to act through this

pathway that has been shown to stimulate NHE1 activity (15,

16). Because sorafenib is not entirely specific for B-Raf, we also

used PLX4720, a specific B-RafV600E inhibitor (33). This inhib-

itor also reduced activity of the NHE1 protein in Mel2a cells

with the B-RafV600E mutation, but not in M19 cells that do not

have this mutation. In addition it blocked activation of the

ERK1/2 pathway in cells with the B-RafV600E mutation. This

provided further evidence that the mutant B-RafV600E protein

specifically activates the NHE1 protein. We also used down-

regulation of B-Raf to confirm that the increase in NHE1 activ-

ity we observed was due to B-Raf. Specific down-regulation of

B-Raf levels in multiple cell lines decreased NHE1 activity.

Our results suggested that there is an activation of the NHE

protein in cell lines with the B-RafV600E mutation, which does

not occur in cell lines without this mutation. This activation

results in elevation of resting intracellular pH in the cell lines

with the mutated B-RafV600E protein as demonstrated in Fig.

3A. We suggest that there is a shift in the set point of the NHE1

protein in cell lines with the mutant B-RafV600E protein. Wild

type B-Raf appears to have a regulatory role in some cell lines

(Fig. 7B), but this seems to be accentuated when the V600E

mutation is present. As noted above, the inhibition of NHE1

activity by PLX4720, in Mel2a cells but not in M19 cells, sup-

ports this hypothesis.

FIGURE 6. Effect of sorafenib and PLX4720 on the rate of recovery from an
acute acid load in malignant melanoma cell lines. A, cells were treated with
10 �M sorafenib for 20 min prior to assay, and an acute acid load was induced
in cell lines in the presence or absence of 10 �M sorafenib. The rate of recovery
from the acid load in the presence of sorafenib was compared with that in its
absence. B, as in A but with 5 �M PLX4720. Results are mean � S.E. of 6 – 8
experiments. * indicates significantly different from the rate of recovery in the
absence of sorafenib or PLX4720 at p 	 0.01.

FIGURE 7. Effect of siRNA on levels of B-Raf and NHE1 in HeLa and Mel2a
cells. A, Western blot analysis of effects of siRNA on B-Raf protein and phos-
pho-ERK1/2 levels. Upper panel, mock (Mk), 200 nM nonspecific (NS), and 200
nM B-Raf siRNA (si)-treated cells immunoblotted for B-Raf protein levels. Mid-
dle panel, effect of varying concentrations of B-Raf siRNA or nonspecific siRNA
on B-Raf levels of Mel2a cells. Lower panels, effect of B-Raf siRNA on phospho-
ERK1/2 (pERK1/2) and ERK1/2 levels in Mel2a cells. B, effect of siRNA on NHE1
activity in HeLa and Mel2a cells. An acute acid load was induced in cells either
treated with 200 nM of nonspecific or B-Raf siRNA. The rate of recovery from
the acid load was compared in the two groups. Results are mean � S.E. of at
least six experiments. * indicates significantly different from the rate of recov-
ery with nonspecific treatment at p 	 0.005.
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Anumber of studies have shown that activation of the NHE1

isoform of the Na�/H� exchanger facilitates cell growth and

metastasis. Activation of the NHE1 protein has been shown to

promote metastasis in human mammary epithelial cells (13).

Protons extruded by NHE1may lead to local extracellular acid-

ification promoting cell invasive behavior (12). This mecha-

nism has been suggested to be of importance in human mela-

noma cells (42, 43). Regulation of NHE1 in association with cell

invasion is therefore of significant clinical interest (8). Our

results suggest that B-Raf regulation of theNHE1 could, at least

partially, stimulate the NHE1 protein and might contribute to

the pro-carcinogenic behavior of B-Raf.Other studies have sug-

gested an involvement of this pathway. Acidosis has earlier

been shown to activate NHE1 through a pathway dependent on

Ras/Raf/MEK (36), and Raf-1 kinase up-regulates NHE1 activ-

ity in the Na�/H� exchanger in Xenopus oocytes (44).

The effects we observed weremost likely due to regulation of

NHE1. We demonstrated that the effect of B-Raf was not

through an effect on either expression levels of NHE1 or on

targeting of NHE1.

It was of interest that B-Raf elevated resting pHi inmelanoma

cell lines and that this was prevented by inhibition of NHE1.

Intracellular pH has been linked to cell proliferation. Intracel-

lular alkalinization in the absence of mitogens can induce DNA

synthesis and stimulate proliferation. Imposing intracellular

alkalinization alone can trigger cell growth (45). NHE-depen-

dent intracellular alkalinization has also been shown to be an

early event in malignant transformation and can play an essen-

tial role in the development of transformation-associated phe-

notypes (46). The elevation of intracellular pH by B-Raf in

human melanoma cells may therefore be contributing to the

abnormal growth phenotype observed in these cells. Future

experiments will examine the downstream effects of NHE1

activation.

Although our results have demonstrated that B-Raf binds to

the NHE1 protein, we have not yet localized the exact binding

site. We showed that B-Raf can directly bind to the C-terminal

182 amino acids of the NHE1 protein. In these experiments we

used other His-tagged proteins to confirm that the binding was

to NHE1 and not to the His tag on the protein. It was not clear

FIGURE 8. Analysis of the effect of B-Raf expression on NHE1 protein lev-
els and targeting. A, surface localization of HeLa and HEK cells expressing
NHE1 protein in the presence or absence of additional NHE1 protein. Cells
were transfected with NHE1 in the presence or absence of B-Raf (or empty
vector). Surface localization was determined as described under “Experimen-
tal Procedures.” Equal amounts of total cell lysate (T) and unbound intracel-
lular lysate (U) were examined by Western blotting with anti-HA antibody to
identify NHE1 protein. Ct and B-Raf refer to control cells or cells expressing
B-Raf. The percent of the total NHE1 protein found on the plasma membrane
is indicated. Results are mean � S.E. n � at least four determinations. There
was no significant difference between control and B-Raf-transfected cells.
B, summary of Western blot analysis of NHE1 expression in control HeLa or
HEK cells or in cells transfected with B-Raf as in A. Expression levels of experi-
mentals were compared with that of controls. There was no significant differ-
ence between controls (Ct) and cells transfected with B-Raf.

FIGURE 9. Analysis of in vitro association of wild type (WT) and mutant
(V600E) B-Raf with the C terminus of the NHE1 protein. A, production and
purification of WT and mutant B-Raf protein. B-Raf was produced by transfec-
tion of HeLa cells. Lysates and GST-purified proteins were immunoblotted
with anti-B-Raf antibody. B, nitrocellulose transfer of NHE1 His-tagged protein
(His-239 and His-182) and control proteins (HisCHP and MgATPase-His)
stained with Ponceau S prior to overlay with B-Raf protein. C, overlay assay of
NHE1 proteins with wild type (WT) and mutant (V600E) B-Raf proteins. Pro-
teins transferred to membranes were incubated with enriched B-Raf protein
as described under “Experimental Procedures.” After washing, immunoblot-
ting was with anti-B-Raf antibody. Results are typical of five experiments.
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if the binding was increased in the mutant versus wild type of

protein. Future experiments may localize the binding site more

precisely. An interesting aspect of Erk stimulation is recently

emerging in the literature. Evidence has suggested the ERK,

MEK, p90Rsk, Raf-1, PAK5, and 14-3-3 exist as complexes in

some cell types (38, 39, 47–50). These complexes can regulate

activity of some proteins acting through scaffold proteins (39,

50, 51). It is not yet known if B-Raf regulatesNHE1 throughpart

of a complex, although we did find that p90Rsk also associated

with the NHE1 C terminus (Table 1).

Overall, our results demonstrate for the first time that the

NHE1 protein is an important target of the B-Raf kinase in

different cell types, including humanmelanoma cells with acti-

vated B-RafV600E. We demonstrate that B-Raf elevates NHE1

activity and elevates pHi in these cells.
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