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Mitogen-Activated Protein Kinade

H. Wang¥ N. L. C. L. Silvag P. A. Lucchesli,R. Haworth? K. Wang} M. Michalak} S. PelecH,and
L. Fliegel**+v

Departments of Biochemistry and Pediatrics, barsity of Alberta, Edmonton, Alberta, Canada, T6G 2S2
Receied April 7, 1997; Reised Manuscript Receéd May 22, 1997

ABSTRACT. We examined mitogen-activated protein kinase-mediated phosphorylation and activation of
the Na/H* exchanger isoform type 1. A rabbit skeletal muscle extract was fractionated by FPLC
chromatography. Four main fractions had the ability to phosphorylate the carboxyl-terminal region of
NHEL. Western blot analysis and immunoprecipitation showed that three of these were associated with
MAP kinase-dependent phosphorylation. Phosphorylation studies using purified MAP kinase showed
that the region involved was the carboxyl-terminal 178 amino acids of the protein and that the stoichiometry
was 1 phosphate/mol of protein. In-gel kinase assays showed that cytosolic extracts from smooth muscle
cells also phosphorylate the carboxyl-terminal of NHE1 and that the MAP kinase-dependent phosphorylation
could be activated by PDGF and Angll. Mutant cell lines with an inducible dominant negative MAP
kinase showed decreased serum activation of/Na exchange but normal hypertonic activation of the
protein. The results show that MAP kinase is intimately involved in regulation of tHéHNaexchanger,
possibly through phosphorylation of one amino acid of the carboxyl-terminal cytosolic domain.

The Na/H* exchanger is an almost universally distributed an apparent molecular mass of about 100 kDa. The predicted
protein in mammalian cells. It has been implicated in a sequence of the protein is highly conserved. The NHE1
number of cellular functions, including pH regulation, cell isoform is often referred to as the ubiquitous or “housekeep-
volume regulation, and cell proliferation. There are several ing” form (NHE1) and exists in the plasma membrane of

tissue-specific isoforms of the exchanger (NHE1-NHE5)  most cells. NHEL1 is found in the basolateral membrane of
which vary in molecular weight and in their sensitivity to0 most epithelial cells.

the inhibitor amiloride {). The amiloride-sensitive isoform A great deal of effort has been made to determine the

(NHE1) is inhibited by nanomolar concentrations of amiloride . . . : : .
analogs such as ethylisopropylamiloride. It extrudes one _mechanlsms of regulation of this protein.. Early studies with
proton in exchange for one sodium ion when decreases jn/ntact cells showed that growth factors induce phosphory-

i ivati +
intracellular pH occur 7). The amino acid sequence of lation and activation of the N@H™ exchangerg). The large

NHEL has been deduced from the nucleotide sequence of £arP0oxyl-terminal domain of the protein is a likely site of
cDNA clone @). The protein is glycosylatedd and has such regulation, being cytoplasmic and therefore accessible
to the action of intracellular kinase8, 6). Wakabayashét

" This work was supported by a grant from the Heart and Stroke al. (6) have shown that growth factor activation is associated
Foundation of Canada. with phosphorylation of the C-terminal 179 amino acids of

* Corresponding author: Departments of Biochemistry and Pediat- - : : :
rics, 417, Heritage Medical Research Building, University of Alberta, the NHE1 isoform. In the NHE3 isoform, different domains

Edmonton, Alberta, Canada, T6G 2S2. Tel: 403-492-1848. Fax: 403- are believed to be either inhibitory or stimulatory of the
492-9753. Email: Ifliegel@gpu.srv.ualberta.ca. activity of that isoform of the N&/H* exchanger®). We

* Department of Biochemistry, University of Alberta. : f :
§ Present address, Departmento de Imunologia, Centro de Pesquisé"a\/e expressed part of the cytoplasmic domain of the protein

Aggeu Magalhaes Fundacao Oswald Cruz, Recife-PE, 50670-420,IN Escherichia coliand have shown that it is readily
Brazil. phosphorylatedh vitro by C&*/calmodulin-dependent pro-

' Department of Physiology, Loyola University School of Medicine, i L ; ; i
Maywood, IL. tein kinase Il. This region of the protein was not a substrate

“Present address, The Rayne Inst., St Thomas Hospital, London,for purified protein kinase C or for the catalytic subunit of
U.K. cAMP-dependent protein kinas@Q). However, recently,

#Kinetek Pharmaceuticals, Inc. and Department of Medicine, ; in e o i
University of British Columbia, Suite 150, 520 W. 6th Ave, Vancouver, Azaraniet al. (8) showed that protein kinase A is involved

British Columbia, Canada V5Z 1A1. in modulating Na/H* exchanger activity in Osteoblastic
v Department of Pediatrics, University of Alberta. cells (UMR-106). It has also been suggested that a protein

® Abstract published ilAdvance ACS Abstractguly 1, 1997. ; ; it
! Abbreviations: ANGII, angiotension II; GST, glutathione-S- cofactor may be important in mediating some aspects of Na

transferase; HMA, 5N,N-hexamethylene)Amiloride; IGKA, in-gel H* exchanger regulation; however, the exact mechanisms
kinase assay; IPTG, isopropgtp-thiogalactopyranoside; MAP, mi-  and proteins involved have not been clarifi€ 10).
togen-activated protein; NHE1, N&d* exchanger isoform 1; pauk, . . . .

seastar meiosis-activated protein kinase; PBS, phosphate buffered saline; N this study, we examined the putative role of mitogen-
PCR178, PCR272, PCR343, GST fusion protein with carboxyl-terminal activated protein kinases (MAP Kinases) in regulation of the

178, 272, and 343 amino acids from the rabbit'N& exchanger; NHE1 isoform of the N&/H™ exchanaer. MAP kin hav
PDGF, platelet-derived growth factor; PCR, polymerase chain reaction; soform of the N&/H™ exchanger. ases nave

SDS-PAGE, sodium dodecyl sulfatepolyacrylamide gel electro- ~ P€en shown to be important in fibroblast proliferation
phoresis; WKY, Wistar-Kyoto. stimulated by growth factord {). In addition growth factors

S0006-2960(97)00802-7 CCC: $14.00 © 1997 American Chemical Society



9152 Biochemistry, Vol. 36, No. 30, 1997 Wang et al.

have been shown to activate the ild* exchanger in a  products were sequenced to confirm the correct amplification
number of studies (reviewed in ref 12). Here, we show that of the product. The glutathione-S-transferase-INd ex-
MAP kinase can directly phosphorylate the cytoplasmic changer fusion proteins were expressedincoli DH5-a,
region of the Na/H* exchanger. In addition, we showed after induction with 0.2 mM IPTG. Cells were lysed with a
that depletion of MAP kinase activity results in reduction French-press and the supernatant fraction (1§60Q0 min)

of the ability of serum and growth factors to stimulate the containing fusion protein was analyzed by SEFAGE as
protein. The results implicate MAP kinases in activation of described above.

the NHEL1 isoform of the N&H" exchanger. Purification of Carboxyl-Terminal N&H*™ Exchanger
Fusion Proteins. Purification of fusion proteins was via
MATERIALS AND METHODS glutathione Sepharose 4B affinity chromatography. All steps

. . . were performed at 4C in the presence of a cocktail of
Materials. Molecular weight markers, cyanogen bromide- protease inhibitors16). Samples were dialyzed against

aCtri],Vated Seﬁharose 4Bf,f_p!asmild pGEX-S):, and ;he Glu- hhosphate buffered saline (PBS) containing 1% Triton X-100
tathione Sepharose 4B affinity column were from Pharmacia 5,y hrotease inhibitors and were applied to the column at

LKB. Horseradish peroxidase-conjugated goat anti-rabbit |oast twice. The column was washed with several bed
antibodies were obtained from Bio/Can (Mississauga, On-,0iumes of PBS. and the samples were eluted with 5 mM
tario). Soldlum dodecyl Zulfgfre]qoolyacryla;mde (.SDSd glutathione. The column was prewashed with several
PAGE) gels were prepared with reagents from Bio-Rad or |, ;mes of buffer containing 3 mM MgATP prior to elution
Boehringer Mannheim, Inc. Nitrocellulose membranes were with glutathione to remove copurifying DNA K18). On

from Slchl_zicher and Scr:luell (dKe’?ﬂe’ NH)'l. dethEtiC oli- some occasions samples from the cell lysates were partially
gonucleotides were synthesized with an Applied Biosystems, \, ,itieq using preparative SBSPAGE prior to purification

MOdZI 392 DEIA/RNA fygth?Sizef' and Dl\(lelsequencing with GST affinity chromatography. On these occasions5 1
was done with an Applied Biosystems, Model 373A DNA 4 ¢ sample was size fractionated with a Bio-Rad Model

sequencer in thg Department of Bioch_emistry,' DNA se- 491 Prep Cell. The composition of the electrophoresis buffer
quencing lab, University of Alberta. Anti MAP kinase R2 and gel were as described above for SFRGE. The
(Erk1-CT) a_nd purified MAP k!nase from sea star oocyt_es appropriate fractions were identified by immunoblotting and
were from Kinetek Pharmaceuticals, Inc. (Vancouver, British pooled, concentrated, and the buffer was exchanged for PBS
Columbia).  Anti MAP kinase R2 antibody is specific for yih 195 Triton X-100 and protease inhibitors. After
the 43, 42, and 44 kDa kinases encoded by erkl, erk2, andg a4 ration in PBS, these fractions were then purified via

mpk genes, respectively. All other chemicals were obtained glutathione Sepharose 4B affinity chromatography as de-
commercially, and were of the highest available grade. scribed above.

Polyacrylamide Gels and ImmunostainingDS-PAGE Preparation and Fractionation of Soluble Extracts from
was on 9% polyacrylamide gels (or on 7% gels as indicated) Rabbit Skeletal MuscleMuscle extracts were prepared from
as described earliet). Gels were stained with Coomassie  the red muscles of the back and hind limbs of New Zealand
blue. For immunostaining, proteins were transferred elec- white rabbits. After sacrifice, the muscle tissue was im-
trophoretically onto nitrocellulose membranes. Immun- mediately homogenized at a medium setting with a Polytron
ostaining of nitrocellulose membranes was carried out in the homogenizer for 30 s in 2.5 vol. of buffer containing 10 mM
presence of 1% skim milk powder using affinity-purified anti - sodium phosphate pH 7.5, 60 mBAglycerophosphate, 1 mM
NHE1 antibodies essentially as described earlidy,(or by DTT, 15 mM EGTA, 4 mM EDTA, 1 uM okadaic acid, and
using the Amersham Enhanced Chemiluminescence Westerr protease inhibitor cocktail6). The homogenate was then
Blotting and Detection System as described by the manu- centrifuged at 600§ for 60 min at 4°C. The supernatant
facturer. was filtered through glass wool and centrifuged at 10@000

Preparation of Glutathione-S-Transferase-Md* Ex- for 1 h at 4°C. The supernatants (soluble muscle extracts)
changer Fusion Proteins.For production of carboxyl-  were stored in 50% glycerol at 4C. The soluble muscle
terminal Na/H™ exchanger fusion proteins, we expressed a extracts were fractionated on a Mono Q 10 column using
series of proteins of the rabbit Néd™ exchanger cDNA FPLC chromatography. The extracts were applied to the
clone. cDNA of the carboxyl-terminal 178 amino acids of column, and bound proteins were eluted with -a008 M
the rabbit cardiac NadH" exchanger was prepared by linear NaCl gradientin 10 mM MOPS pH 7.2, 2 mM EDTA,
polymerase chain reaction (PCR), using the primésGG and 1 mM DTT. Fractions (0.5 mL) were collected and
GAT CCT GCA GAA GAC CCG GCA GCG GCT'and analyzed by Western blot analysis and for their ability to
5 AAG AAT TCT ACT GCCC (C/T)TT GGG GA(A/T) phosphorylate expressed regions of the'lfd exchanger.
GAA, designed from bp 516533 and 10271047 of the Phosphorylation of Fusion ProteinsThe standard reaction
rabbit cardiac N&/H* exchanger clone described earlib) conditions for phosphorylation of muscle extract fractions
(The redundancies present in some primers are for use withcontained 0.5¢g of PCR 343, 2QuL of muscle extract, 3
the human N&H" exchanger cDNA.) The fragment gener- mM MgCl,, and 25«M ATP (containing approximately 1000
ated was cloned into ti@anH1—EcaR1 sites of expression  cpm/pmol of [-32P]JATP) in a final volume of 30uL.
plasmid pGEX-3X to generate PCR178. Two other fusion Samples were incubated at 32 for 60 min, and the reaction
proteins were prepared using a similar procedure except thatwas terminated by the addition of loading buffer.
the first primer was replaced with the primersf8CG GAT For studies with purified MAP kinase, the media for
CCATTG GAA (A/G)GA CAAGCT CAACCG GTTTA phosphorylation consisted of 20 mM MOPS buffer, pH 7.2,
3 and 8 AAG TTA ACT TCC CCA TGT G(C/T)G ACC 0.8 mM EGTA, 3.2 mM DTT, 13.44 mM MgGJ 0.08 mM
TGT TCC TCA C 3 to generate fusion proteins of 272 NaF, 75-250 ng of fusion protein, and 30 ng of purified
(PCR272) and 343 (PCR343) amino acids respectively. PCRsea star oocyte MAP kinase were added to eachul25
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reaction. Reactions were initiated by the addition of ATP
[0.08 mM [y-32P]ATP (approx. 110 cpm/pmol)] and were
incubated at 30°C. Samples were withdrawn at times
indicated and added to SB®AGE gel sample buffer. They
were examined by SDSPAGE and autoradiography. Stoi-
chiometry of phosphorylation was determined by using
measured amounts of sample separated by-SE&5E. The
appropriate bands were identified by autoradiography and
excised. ¥2P incorporation was measured by liquid scintil-
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described earlierl®, 20). CHO cells were maintained in
MEM medium plus 10% FCS and selected by the use of
600 ug/mL G418 plus 50Q:g/mL hygromycin. Resistant
colonies were identified and individual colonies were re-
propagated until reaching a higher density. Two of these,
Erk15 and Erk17 were analyzed further for effects on MAP
kinase and N&H" exchanger activity. Cells were routinely
maintained without the presence of IPTG. To induce the
dominant negative mutation, 5 mM IPTG was added for 15

lation counting and comparison to a standard curve generatedl8 h.

with the reaction solution containing£2PJATP. In some

MAP Kinase Assays.To confirm that the mutant cells

cases, the incorporated radioactivity was quantified using awere reduced in MAP kinase activity we measured the MAP

model BAS1000 phosphoimager (Fuji Photo Film Co., Ltd.)
and standard curves were made with dilutionsefP]ATP.

For one set of experiments, in-gel kinase assays (IGKA)
were used to examinia vitro phosphorylation of the Na

kinase activity of Erk15 and ERK17 cells. MAP kinase
activity was analyzed by the in-gel kinase assay described
earlier L7). For this purpose cells were grown in serum
reduced medium (0.1%) overnight, then treated with 5 mM

H* exchanger C-terminal region. The assays were performed|pTG for 15-18 h. Cells were then stimulated with 10%

essentially as described earliet7), using the carboxyl-
terminal region (PCR343) of the NA&H* exchanger incor-
porated into the gel (60@g/5 mL). Primary cultures of
vascular smooth muscle cells were obtained from-12
week Wistar-Kyoto (WKY) rats essentially as described
earlier 7). Animal procedures conformed to the Guide for
Care and Use of Laboratory Animals issued by the US
Institute for Laboratory Resources. For all experiments cells,
were plated in 60 mm dishes and growth arrested at 70
80% confluence for 48 h by reducing serum to 0.4%. Cells
were treated with angiotension Il (100 nM) or platelet-derived
growth factor (PDGF, 10 ng/mL) as indicated prior to
harvest.

Immunoprecipitation.For immunoprecipitation, purified
anti-MAP kinase (R2) antibody was used. Anti-MAP kinase
antibody (Kinetek Pharmaceuticals Inc.) was prebound to
20uL of prewashed Protein A (Protein A, 10% v/v nonviable
Streptomyces aureuSigma) extract in IPB buffer (20 mM
Tris pH 7.8, 1 mM EDTA 650 mM NacCl, 0.5% NP40, 0.1%
azide and 0.1% SDS) overnight at°€. The antibody
protein A complex was washed three times with IPB buffer
to remove unbound antibody before addition to the protein
samples. The complex was incubated with each fraction for
2 h at 4°C. The complex was harvested by centrifugation
at 35@) for 1 min. The supernatant designated MAP kinase

depleted fraction was used to phosphorylate PCR343. The

pellet was washed five times with IPB buffer and resus-
pended in loading buffer for SDSPAGE. IPB buffer was
supplemented with a cocktail of protease inhibitors as
described above.

Construction of Inducible, MAP Kinase Dominant Nega-
tive Cells. To examine the role of MAP kinase in activity
of the Na/H* exchangelin vivo we constructed a MAP
kinase inducible dominant negative mutant. We constructed
an expression vector using the catalytically compromised
version of p44*tin which Lys-71 was converted to Ala by
site-directed mutagenesitd). The defective mutant DNA
was removed from pGEX-2TLg) by digestion withEcaRlI
and filled in using the enzyme Klenow. The expression

serum for 2 or 5 min and harvested for IGKA assays with
myelin basic protein as a substrate essentially as described
earlier (L7). The activity was quantified with a model
BAS1000 phosphoimager.

Na"/H* Exchanger AssaysTo examine the effect of the
reduction in MAP kinase activity of the mutant cell lines,
we characterized intracellular pH regulation by the" &
exchanger. The fluorescent pH indicatdr72bis(2-car-
boxyethyl)-5(6)-carboxyfluorescein (BCECF) was used to
monitor changes in cytosolic pH essentially as described
earlier L3). Cells were cultured on glass coverslips and
placed into a holder device and inserted into & 1. cm
fluorescence cuvette at 37T and perfused with normal
buffer (135 mM NaCl, 5 mM KCI, 1.8 mM Cagl1 mM
MgSQO,, 5.5 mM glucose, and 10 mM Hepes-Tris pH 7.4).
For this purpose cells were grown in serum reduced (0.1%)
medium overnight and treated with 5 mM IPTG. In some
experiments, intracellular acidosis was induced by exposing
the cells at 37C to 15 mM NH,CI in normal buffer, for 5
min prior to its rapid withdrawal. They were then transferred
to a Na& free buffer (135 mMN-methyl glucamine, 5 mM
KCl, 1.8 mM CaC}, 1 mM MgSQ, 5.5 mM glucose, and
10 mM Hepes-Tris, pH 7.4). pH recovery was obtained by
transferring the cells to normal buffer at 3Z. Fluorescence
determinations were carried out using a Shimadzu RF5000U
spectrofluorophotometer. The excitation wavelength was
varied between 452 and 500 nm, and the emission wave-
length remained at 520 nm. In some cases, cells were loaded
with BCECF, allowed to equilibrate in normal buffer for 5
min and then transferred to a hypertonic buffer with a higher
osmotic concentration consisting of normal buffer plus 100
mM additional NaCl. This procedure has been used earlier
to osmotically activate the N&H* exchangerZ1). Statisti-
cal analysis of results of intracellular pH measurements was
done using a Mann-Whitney U test.

RESULTS

To study the carboxyl-terminal of the Néd* exchanger,

system was the LacSwitch IPTG inducible mammalian we produced the carboxyl-terminal 343 amino acids as a
expression system (Stratagene). The vector pOPRSvicat wagusion protein with GST. The product was purified using a
digested withNotl, filled in with the enzyme Klenow, and  two-step purification procedure. Figure 1 shows an SDS
the insert was blunt end ligated and screened for orientation.PAGE of the purified GST-PCR343 protein. The upper band
The resulting plasmid pNO4 was used to cotransform CHO- corresponds to the appropriate full length product. Despite
K1 cells along with the Lac-repressor-expressing vector the presence of protease inhibitors throughout the purification
p3'SS using the calcium phosphate precipitation method asprocedure, there was usually a small amount of degraded
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FicurRe 1: SDS-PAGE and immunoblot analysis of Néd* 21.22 23.24 25 26
exchanger fusion protein (PCR343).™Md* exchanger, GST fusion 140
protein (PCR343), was produced and purified as described in 87 b
Materials and Methods. Lane 1 shows the purified product stained ‘:; | -—
with Coomassie Blue. Lane 2 shows the results of immunoblotting m..
with affinity purified antibody made against the carboxyl-terminal 48 = - ;
region of the protein. The positions and sizes of Bio-Rad prestained
markers are as indicated. 33
product present. However, this made up only a very minor 29 - ‘
amount of the purified protein. To confirm the identity of
the purified protein we used an antibody generated against
the carboxyl-terminal of the N@H' exchanger. This
antibody was made against the carboxyl-terminal 178 amino 27 28 29 30 31 32 33 34 35 36
acids of the N&/H* exchanger fused {8-galactosidaseld). 140
The results of this Western blot analysis shows that the
; . . ; 87
antibody reacted with the purified protein. i M o -
We used the purified PCR343 fusion protein to examine 18 i

which kinases may be involved in regulation of the" i
exchanger. We isolated a soluble extract from mature rabbit
skeletal muscle. The muscle extract was fractionated on a 33
Mono Q column, and individual fractions were tested for 29
their ability to phosphorylate purified PCR343. Figure 2
shows typical results of these studies. Purified PCR343 (lane

1) showed no auto phosphorylation in the presence of Ficure 2: Phosphorylation of GST-N@&H* exchanger fusion

. . . 3 . protein by skeletal muscle extracts. The PCR343 fusion protein
reaction mixture containingyf**PJATP. Unfractionated \yaq expressed and purified as described in the Materials and

muscle extract (lane 2) and muscle extract with purified GST Methods. Soluble skeletal muscle extracts were prepared and
protein (lane 3) showed the presence of a minor barid,of  fractionated by FPLC chromatography using a Mono Q 10/10
=62 000. Addition of unfractionated muscle extract resulted column. Samples were incubated in a buffer containjngfP]ATP

in the appearance of a bandMf = 66 000, the size of GST and muscle extracts and fusion proteins as follows: lane M markers

. . ; i ; used for size calibration, lane 1, PCR343 (250 ng); lane 2
combined with the 343 carboxyl-terminal amino acids of the nfractionated muscle extract; lane 3 muscle extract and GST

protein alone; lane 4, unfractionated muscle extract and PCR343;
lane 5 Mono Q 10 flow-through and PCR343; lanes36 PCR343
(250 ng) and fractions 636, respectively. Arrow denotes the
location of PCR343 of 66 kDa.

Na*/H* exchanger (lane 4). Addition of the flow-through

of the Mono Q column (unbound) also resulted in a small
amount of phosphorylation of PCR343 (lane 5). When we
examined the fractionated muscle extract, we found a

reproducible pattern of phosphorylation of the "
exchanger. Typical results are shown in lanes6. There
was an early peak of phosphorylation at fraction 8 followed | .
by a broad peak of phosphorylation which had centered at Kinase which phosphorylated the NE'™ exchgnger was
fractions 14-20. To characterize this pattern of phospho- removed from the rabbit skeletal muscle fra_ct_lons, we used
rylation in more detail, we repeated the experiment several 1€ supermatant of the fractions immunoprecipitated by MAP
times measuring the amount of phosphorylation into the/Na  Kinase. We examined the phosphorylation of "Rt
H* exchanger containing band using a phosphoimager Orexchanger fu3|on protein by these fractions. The.results are
scintillation counting of the excised band. The summary of Shown in Figure 5. There was clearly a depletion of the
these results is shown in Figure 3. There was an early narrowPhosphorylation originating from fractions 14 to 19. In
peak of phosphorylation centered around fraction 8 and aaddition there was no evidence of phosphorylation from
second broader peak of phosphorylation between fractionsfraction 8. Two narrow peaks of phosphorylation remained
14 and 21. in fractions 19 and 21, which were earlier contained within
To examine which kinases might be involved in phos- the broad peak of fractions #21. In a similar experiment,
phorylation of the fusion protein, we used antibodies to we tried to immunodeplete fractions of protein kinase C using
immunoprecipitate MAP kinase from the skeletal muscle a commercial antibody against the protein. In this case, there

fractions. The results (Figure 4) show that MAP kinase was
highly enriched in fractions 1618. To determine if the
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FractionNumber FiIGURe 5: Phosphorylation of GST-N#H* exchanger fusion

Ficure 3: Summary of phosphate incorporation into GSTtNa  protein by skeletal muscle extracts. The PCR343 fusion protein
H* exchanger fusion proteins by skeletal muscle extracts fraction- was expressed and purified as described in the Materials and
ated by FPLC chromatography. Skeletal muscle fractionation and Methods. Soluble skeletal muscle extracts were prepared and
phosphorylation studies were conducted as described for Figure 2.fractionated by FPLC chromatography using a Mono Q 10/10
Samples were separated using SBPRAGE and phosphorylated  column. () Phosphorylation by control muscle extract®,) (
PCR343 protein was quantified by scintillation counting of excised Phosphorylation by extracts in which MAP was removed by
bands or by analysis of incorporated radioactivity using a model immunoprecipitation.

BAS1000 phosphoimager (Fuji Photo Film Co., Ltd.). Results are

typical of three independent experiments. 105 - |
6 8 10 12 14 15 16 17 18 80 = '
i
50 =
33

FIGURE 6: Phosphorylation of GST-N#H* exchanger fusion
protein (PCR272) by purified MAP kinase. Purified GSTXa"

19 20 21 22 23 24 25 26 27

B exchanger fusion protein was phosphorylated by purified MAP
kinase as described in the Materials and Methods. The reaction
i E 44 was started by addition of ATP and terminated by adding gel sample
- = = = buffer for SDS-PAGE and autoradiography.
|- EeEese-e 3=,

Ficure 4: Immunoprecipitation of MAP kinase in rabbit skeletal
muscle fractions. Solubilized muscle extracts were immunopre-
cipitated with anti-MAP kinase (Erk1-CT) antibody as described
in the Materials and Methods. Immunoprecipitates were then run
on 9% SDS-PAGE gels and immunoblotted with anti-MAP kinase
antibody. Lane numbers correspond to fraction numbers. (A)

Control

Ang, 2 min
Ang, 5 min
Ang, 20 min
PDGF, 2 min
PDGF, 5 min
PDGF, 20 min

. —44kD

Fractions 6-18 and (B) fractions 1927. —42kD

i : : -
was no significant change in the shape of the phosphorylationg,g e 7: Time course for activation of MAP kinase-dependent
profile (not shown). phosphorylation of the carboxyl-terminal region of the "

; ;i ; exchanger (PCR343). Growth arrested WKY vascular smooth
To examine the stoichiometry of the phosphorylation of muscle cells were stimulated with 100 nmol/L Ang Il or 10 ng/mL

the Na/H™ exchanger fusion protein, we used different size ppGF for the indicated times. Cells were harvested in lysis buffer
carboxyl-terminal antiporter fusion proteins. Typical results as described in Materials and Methods and in-gel kinases assays

are shown in Figure 6. Purified MAP kinase phosphorylated were performed using cytosolic extracts and GST#N& ex-

the Na/H* exchanger fusion proteins similar to that seen changer fusion protein incorporated into the gel.

with skeletal muscle fractions. The stoichiometry of phos- 272 is not known but could be due to the particular
phorylation was 1.04 0.03 mol of Pi/mol of PCR343.  conformation of this protein.

Similar experiments with two other N&1* exchanger fusion We used another independent system to confirm that MAP
proteins, PCR 272 and PCR 178 showed that they containedkinase-dependent phosphorylation of the cytoplasmic domain
0.40 and 0.87 mol of phosphate, respectively. These resultscould occur. In this system we used an IGKA to examine
indicate that the site of phosphorylation by MAP kinase is phosphorylation of the PCR343 protein by cell extracts of
in the terminal 178 amino acids of the NB™ exchanger. smooth muscle cells of WKY rats. The results are shown
The reason for the lower level of phosphorylation of PCR in Figure 7. Cell extracts of WKY rats showed MAP kinase
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phosphorylation and phosphotransferase activity, particularly
when stimulated with either angiotension Il or PDGF.
Controls with either no substrate or GST alone showed no
indication of phosphorylation (not shown). These results
show that MAP kinase phosphotransferase activity directed
toward the carboxyl-terminal of the Néd*™ exchanger exists

in extracts from smooth muscle of WKY rats and can be
stimulated hormonally.

To examine the effect of MAP kinase on NE™
exchanger activity, we constructed an inducible MAP kinase
dominant negative mutant as described in Materials and
Methods. CHO cells were used because they have been well
characterized with regard to MAP kinase activity. In
addition, myogenic cell lines were avoided because they
exhibit a number of changes in cell character including
differentiation when subjected to serum withdraw20)( A
number of mutant CHO cell lines were made, Erk15 and o 3, L e &
Erk17 were chosen for further analysis. The activity of MAP RN %% %@Q«% s
kinase in these mutants was measured in cells grown in Serumrgure 8: Effect of serum on steady state intracellular pH of control
reduced medium for 24 h or in cells stimulated with 10% CHO cells and mutants erk15 and Erk17. Cells were grown on
serum for either 2 or 5 min. In all cases, the activity of the coverslips and maintained as described in Materials and Methods.

B o.15

0.1

ApH

0.057

mutants was reduced in comparison to that of controls. For
the Erk1l5 mutant, the activity was reduced to 68, 56, and
32% of the values of control cells with 0, 2, and 5 min of
serum stimulation, respectively. For the Erk17 mutant, the
activity was 30, 66, and 74% of the control cells with 0, 2,
and 5 min of serum stimulation, respectively. The results
were mean of three experiments.

We then tested the effect of MAP kinase on the activity
of the Na/H*t exchanger. We compared the antiporter
activity in CHO cells and the mutants Erk15 and Erk17. Cells
were maintained in serum reduced medium overnight in the
presence of IPTG. Intracellular pH was measured as
described above. Figure 8A shows typical effects of addition
of serum on resting intracellular pH of CHO and Erk15 cells.
Addition of serum raised resting intracellular pH in a slow

but steady manner. The mutant Erk15 also responded in a

similar manner, but the resting intracellular pH only increased
by about half as much. HMA totally abolished the effect of

serum addition showing that the effect was due to activity
of the Na/H* exchanger. A summary of a series of

experiments for CHO, Erk15, and Erk17 cells is shown in
Figure 8B. Both Erk15 and Erk17 cells had a diminished
response to serum addition in comparison to CHO cells.
HMA addition nearly eliminated the effect of serum addition

in all the cell types.

We also tested the effect of hypertonic stimulation of the
Na*/H* exchanger in the three cell types. Typical results
are shown in Figure 9. There was no significant difference
between CHO and Erk15 cells in hypertonic stimulation of
the Na/H* exchanger (Figure 9). HMA completely elimi-
nated the effect of hypertonic stimulation in both Erk15 and
CHO cells. Similar results were obtained for Erk17 cells
(not shown).

In one set of experiments, we examined the ability of
CHO, Erk15, and Erk17 cells to recover from an acute acid
load induced by ammonium chloride. We found that there
was no significant difference between these cells’ abilities
to recover from an acid load when they recovered from an
acid load in medium containing 135 mM NacCl (not shown).

CHO, Erk15, and Erk17 cells were treated overnight with low serum
(0.1%) and 5 mM IPTG. (A) Typical effects of serum addition on
intracellular pH. Trace a, CHO cells, b, Erk 15 cells, ¢, CHO with
1 uM HMA present. (B) Summary of effects of addition of 10%
serum on resting intracellular pH. Serum was added to resting cells
and the change from resting intracellular pH was measured two
min after addition. Results are me&$E of at least 10 experiments.

(*) Denoted values are significantly different from CHO values at
P < 0.001.
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FIGURE 9: Hypertonic activation of the N@H* exchanger in CHO
and erk15 cells. Cells were prepared as in Figure 7 except all cells
received normal medium containing serum. (A) Where indicated,
the medium was made hypertonic by an extra 100 mM NacCl
addition. Trace a, CHO cells, b, Erk 15 cells, ¢, CHO cells with 1
uM HMA present. (B) Summary of effects of hypertonic stimulation
on CHO and Erk15 cells. Results are meg8E of at least seven
experiments.

DISCUSSION

The regulation of N&/H™ exchanger activity by phospho-
rylation has been the subject of intense investigation. It has
been shown that growth factors induce phosphorylation of
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the protein and that the phosphorylation is in the C-terminal results are consistent with a hormonal activation being
179 amino acids of the proteins,(6). Growth factor mediated, at least partially, by MAP kinase-dependent
activation results in activation of the protein, and recently, phosphorylation of the protein. A recent repo2d) has

it was suggested that increased™™4i™ exchanger activity ~ suggested that MAP kinase may not directly phosphorylate
in primary hypertension is associated with increased phos-the Na/H*t exchanger. The reason for the discrepancy
phorylation of NHE1 22). Not all of NHE1 activation is between these results and the present study is not clear. Our
mediated by direct phosphorylation, and removal of the study used the rabbit NHE1 protein, which varies slightly
carboxyl-terminal 179 amino acids still allows up to 50% in sequence from the human protein. In addition, it may be
of growth factor activation. However, phosphorylation that the relatively low level of phosphorylation we observed
certainly results in a significant part of activation of the (1 mol/mol of protein) was not detectable in this vitro

protein @3). system 24). In addition, we observed what may be a
In this study, we examine the role of MAP kinases in structural dependence of phosphorylation. The C-terminal
phosphorylation and regulation of activity of the Me™ fusion proteins of 343 and 178 amino acids showed double

exchanger. MAP kinases are known to be activated by thethe level of phosphorylation of the fusion protein of 272
same type of extracellular stimuli that also activate th&/Na amino acids. This suggests that the conformation of the
H* exchanger including growth factors and hormones. In protein may affect accessibility to the kinase. It may be that
initial experiments, we fractionated extracts from rabbit the detergent solubilized protein with the hydrophobic
skeletal muscle and found that some specific fractions weremembrane domain is not accessible to phosphorylation. In
able to phosphorylate a N&1* exchanger-GST fusion the present study, we showed phosphorylation of the C-
protein of the cytoplasmic domain of the antiporter (Figure terminal bothin witro for the soluble carboxyl-terminal region
2). GST alone was not phosphorylated by the fractions. We and in an IGKA with immobilized protein. In addition, in
showed that several of the fractions were enriched in MAP the IGKA the phosphorylation was stimulated by hormonal
kinase (Figure 4) and that removal of the MAP kinase protein activation, which suggests an important physiological role
resulted in a reduction in the ability of some specific fractions for this form of regulation.
to phosphorylate the carboxyl-terminal of the *Nd" It has been suggested earlier that MAP kinase is involved
exchanger. This led us to suspect that MAP kinases werein hormonal activation of the N@H" antiporter 25). We
involved in regulation of the protein. It was not possible to therefore attempted to examine the role of MAP kinases in
demonstrate directly from these experiments that MAP kinaseregulation of NHE1 activity. To do this, we made an
phosphorylates the N&H*™ exchanger. It is possible that inducible dominant negative MAP kinase mutant. Attempts
some other associated kinase or another kinase in the samat constructing permanently defective MAP kinase cells were
fraction was affected by MAP kinase and was responsible not successful, likely due to the critical function of these
for the actual phosphorylation. proteins in cell growth and proliferation. We found that we
To examine if MAP kinase could directly phosphorylate could induce the mutant cells to have defective MAP kinase
the carboxyl-terminal of the exchanger we used purified by overnight treatments; however, longer term induction
MAP kinase protein. The stoichiometry of phosphorylation caused the cells to be unable to proliferate (not shown). When
was only 1 mol of phosphate/mol of protein. This amount, we examined the efficacy of serum to stimulate the Erk
though significant, could likely account for only a part of mutant cells, we found that activation of the antiporter in
the phosphorylation reported to occur on the cytoplasmic mutant cells was reduced greatly. In control cells, resting
domain 6, 6). It is clear that other kinases must also be intracellular pH routine rose 0.32.15 pH units, while in
involved in regulation of this region. We note, however, the mutants, the effect was reduced-50% (Figure 8).
that immunoprecipitation of MAP kinase removed a large These results confirm that MAP kinases have an important
majority of the phosphorylation by several different fractions physiological effect on the N@H* exchanger.
(Figure 5). The reason for this is not yet known, however, It was possible that we had caused a number of nonspecific
it may be that MAP kinase was responsible for activation of alterations to the cell which indirectly affected the )a"
these kinases in those fractions. An alternative explanationexchanger. Therefore, we examined some other methods of
is that other kinases involved in phosphorylation of the activation of the protein. Hypertonic stimulation of the
exchanger are inactive in this assay system. It is possibleexchanger is one method in which to activate the protein in
that the association of subunits of some kinases did nota phosphorylation independent manner in a pathway inde-
survive fractionation by FPLC, and therefore, their activity pendent of MAP kinase activatio2, 24). The mechanism
is not shown by this analysis. It was interesting that two of activation may be through a region of the protein proximal
peaks of phosphorylation remain intact even after immuno- to amino acid residue 6926¢). We tested control and MAP
precipitation of MAP kinase. The identity of the kinases in kinase mutants and found no significant effect on this
these fractions is not known and awaits further experimenta- different mechanism of activation of the antiporter in the
tion. control and Erk15 cells (Figure 9). In addition, we found
We also examined MAP kinase-dependent phosphorylationthat there was no difference in activation of the antiporter
of the carboxyl-terminal region of the protein by cytosolic by an acid load in these cells. These results suggest that
fractions of vascular smooth muscle cells from WKY rats. the effect we saw on activity of the protein was specific to
Once again, this independent method confirmed that MAP hormonal regulation of the protein and not due to some
kinase could phosphorylate this region of NHE1. The results general defect induced in either the cells or the protein itself.
were also very interesting in that hormonal stimulation of  Overall, our results suggest that MAP kinase can phos-
quiescent WKY smooth muscle cells by either Ang Il or phorylate the carboxyl-terminal of the N&l™ exchanger
PDGF markedly enhanced phosphorylation of the’/N& and affect the activity of the protein. The level of phos-
exchanger fusion protein by both p22<and p44'2% These phorylation was only 1 mol of phosphate/mol of protein.
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Clearly, this type of regulation is not the only type of 7. Levine, S. A, Nath, S. K., Yun, C. H. C., Yip, J. W., Montrose,
phosphorylation involvedn vivo. However, it appears to M., Donowitz, M., and Tse, C. M. (1995) Biol. Chem. 270
be a significant aspect of regulation of the'd" antiporter 13716-13725.

by phosphorylation. In our experiments, we noted that this S'é‘ﬁgﬁ_r"z‘7%'2gggv§§'i7j2"_ and Goltzman, D. (199b)Biol.

phosphorylation was stimulated by PDGF and Angll. This g Goss G., Orlowski, J., and Grinstein, S. (1986). J. Physiol.
supports the hypothesis that MAP kinase-mediated phos- 270, C1493-C1502.

phorylation of the exchanger is hormonally regulated. Our 10. Weinman, E. J., Steplock, D., Wang, Y., and Shenolikar, S.
results are at variance with those of Aharonovitz and Granot ~ (1995)). Clin. Invest. 96 2143-2149.

(27) who suggested that MAP kinase activation of the 11. Pages, G., Lenormand, P., L'Allemain, G., Chambard, J. C.,

. S Meloche, S., and Pouysger, J. (1993Proc. Natl. Acad. Sci.
exchanger is through a phosphorylation-independent path- U.S.A. 90 8319-8323.

way. However, their experiments were with human platelets 15 Fiegel, L. (1996)he Na/H* Exchangerpp 1-317, Springer/
which may regulate NaH* exchanger activity differently R. G. Landes Company Austin, TX.

than muscle cells. It has been suggested that regulation of 13. Silva, N. L. C. L., Haworth, R. S., Singh, D., and Fliegel, L.
activity of the exchanger can vary greatly between cell types, ~ (1995Biochemistry 3410412-10420.

even within the same isoform of the protei28(. In this 14. Fliegel, L., Haworth, R. S., and Dyck, J. R. B. (198&)chem.
study, we primarily examined muscle cell lines. In several J. 289 101-107.

types of muscle, MAP kinase-dependent pathways are 15',52%%',’_4‘&1 237‘15‘;(;&2%; Pouygse, J., and Barr, A. (1991)

thought to play an important role in cell growth and 16 Michalak, M., Fliegel, L., and Wlasichuk, K. (1990) Biol.

proliferation in muscle and other cell typek7( 29, 30). In Chem. 2655869-5874.
addition, activation of the N@H" exchanger is also thought ~ 17. Lucchesi, P. A, Bell, J. M., Willis, L. S., Byron, K. L., Corson,
to be important in these processes in many cell tyfe29 M. A., and Berk, B. C. (1996Firc. Res. 78962-970.

[

8. Charest, D. L., Mordret, G., Harder, K. W., Jirik, F., and
Pelech, S. L. (1993Mol. Cell. Biol. 13 4679-4690.
19. Dyck, J. R. B., and Fliegel, L. (1999) Biol. Chem. 270

31). Our studies suggest that MAP kinase mediated phos-
phorylation of the protein is important in mitogenic activation

in some cell types. However, this does not exclude an 10420-10427.

addition role for a protein mediator of MAP kinase in other  20. Yang, W., Dyck, J. R. B., and Fliegel, L. (199B)ochim.
cell types or even in the same cels 10, 24). Future studies Biophys. Acta 1306107-113.

will examine how MAP kinase activation of the N&i* 21. Grinstein, S., Woodside, M., Sardet, C., PougsseJ., and

exchanger occurs in a number of other tissues. In additon __ Rotin, D. (1992)J. Biol. Chem. 3323823-23828.

: . . 22.Ng, L. L., Sweeny, F. P., Sickowski, M., Davies, J. E., Quinn,
the role of regulation by other protein kinases of the P.A., Krolewski, B., and Krolewski. A.'S. (1995}yperten-

antiporter has yet to be resolved. sion 25 971-977.
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