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p38 Kinase Is a Negative Regulator of Angiotensin Il Signal
Transduction in Vascular Smooth Muscle Cells
Effects on Na'/H* Exchange and ERK1/2

Masatoshi Kusuhara, Eiichi Takahashi, Timothy E. Peterson, Jun-ichi Abe, Mari Ishida, Jiahuai Han,
Richard Ulevitch, Bradford C. Berk

Abstract—Activation of the Na/H* exchanger isoform-1 (NHE-1) by angiotensin Il is an early signal transduction event
that may regulate vascular smooth muscle cell (VSMC) growth and migration. Many signal transduction events
stimulated by angiotensin Il are mediated by the mitogen-activated protein (MAP) kinases. To define their roles in
angiotensin ll-mediated NHE-1 activity, VSMCs were treated with angiotensin Il and the activities of p38, c-Jun
N-terminal kinase (JNK), and extracellular signal-regulated kinases 1 and 2 (ERK1/2) were measured. Angiotensin I
rapidly (peak, 5 minutes) activated p38 and ERK1/2, whereas JNK was activated more slowly (peak, 30 minutes).
Because angiotensin Il stimulated Mid™ exchange within 5 minutes, the effects of p38 and ERK1/2 antagonists on
Na"/H" exchange were studied. The MEK-1 inhibitor PD98059 decreased ERK1/2 activity aiti‘Nexchange
stimulated by angiotensin Il. In contrast, the specific p38 antagonist SKF-86002 increasiti dachange. Two
mechanisms were identified that may mediate the effects of p38 and SKF-86002 on angiotensin ll-stimul&ied Na
exchange. First, angiotensin Il activation of ERK1/2 was increased 1.5- to 2.5-fold (depending on assay technique) in
the presence of SKF-86002, demonstrating that p38 negatively regulates ERK1/2. Second, the ability of angiotensin
ll-stimulated MAP kinases to phosphorylate a glutathi&teansferase fusion protein containing amino acids 625 to
747 of NHE-1 in vitro was analyzed. The relative activities of endogenous immunoprecipitated p38, ERK1/2, and JNK
were 1.0, 2.0, and 0.05 versus control, respectively suggesting that p38 and ERK1/2, but not JINK, may phosphorylate
NHE-1 in VSMC. These data indicate important roles for p38 and ERK1/2 in angiotensin Il-mediated regulation of the
Na"/H" exchanger in VSMC(Circ Res 1998;83:824-831.)
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A ngiotensin Il is a multifunctional agonist for vascular derivative antagonists decreases neointimal proliferation in
smooth muscle cells (VSMC), stimulating ion fluxes, the rat carotid injury mod€l.The Na/H* exchanger is a
protein phosphorylation, contractility, gene expression, and phosphoprotein, and growth factors (including angiotensin I1;
cell growth. Our laboratory has characterized the signal E.T. and B.C.B., unpublished observations, 1998) have been
transduction events stimulated by angiotensin Il in VSMC to Shown to increase phosphorylation of specific NHE-1 tryptic
gain insight into its mechanisms of action. Many of the signal Peptides. Of interest, Na/H" exchange activityand phos-
transduction events stimulated by angiotensin Il are mediated Phorylation of NHE-1” are increased in VSMC isolated from
by members of mitogen-activated protein (MAP) kinase the quntanepusly hypertensive rat compareq W.'th th_e nor-
family of protein kinase$:* Characterization of substrates for Lneoetﬁnssul\g/g::tlzzja:h?tlc:r? ;ﬁj’gﬁ?ﬁg ;kr‘]e;?_'gr_'f'lgﬂzsg rrf:y
tmhgcl\lfgzsl:;nsasbe; i\?ﬁlzf [;r:g\;/ilgfegizorltfmrtegjllgthet: |r\1/tg'\t/|h§ be pathogenic in thi.s model of genetic hypertenéi’dh\(\(e
) have reported previously that a 90-kd kinase identified as

function. _ o P9ORSK is stimulated by angiotensin Il and can phosphory-

The Na/H"™ exchanger isoform-1 (NHE-1) is an important |3t NHE-1 in vitro'? Because p90RSK activity is regulated
membrane protein whose activity may be regulated by protein py extracellular signal-regulated kinases 1 and 2 (ERK1/2), it

kinases activated by angiotensin Il. Stimulation qf*NHf ~ appears likely that the MAP kinases are important in regu-
exchange by angiotensin Il is an early event that is required lating angiotensin ll-mediated activation of NHE-1.
for VSMC growth, migration, and contractifi.” In fact, Our laboratory has shown that angiotensin Il stimulates at

inhibiting Na‘'/H* exchange with specific amiloride- least 2 members of the MAP kinase family (ERK%/and
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c-JunN-terminal kinase (JNK) and has minimal effects on a
third member (big MAP kinase 1 [BMK1ff However, the
effects of angiotensin Il on p38 remain poorly characterized.
p38 is a homolog of the yeast HOG 1 kinase and is involved
in the response to extracellular strésS.Because p38 is
involved in the adaptation to osmotic stress, it may be
important in cell volume regulation, which is a function that
NHE-1 mediates in VSMC after angiotensin Il stimulation.

Other investigators have suggested that ERK1/2 may be

upstream regulators of NHE-1 by either directly phosphory-
lating NHE-1**" or phosphorylating other kinases or regula-
tory proteing®!#'that modulate NHE-1 activity. To define

the roles of the MAP kinases in angiotensin Il-mediated
stimulation of NHE-1 in VSMC, we measured the relative
kinases activities of p38, ERK1/2, and JNK in response to
angiotensin I, determined their activity as kinases toward
recombinant NHE-1, and examined the effects of inhibiting
p38 and ERK1/2 on regulation of intracellular pH. We found
that whereas p38, ERK1/2, and JNK were activated by
angiotensin 1, only p38 and ERK1/2 exhibited significant
activity as NHE-1 kinases in vitro. Physiologically relevant

cross-talk between ERK1/2 and p38 was suggested by the

finding that angiotensin Il activation of ERK1/2 was in-
creased 1.5- to 2.5-fold (depending on assay technique) in th
presence of the p38 inhibitor SKF-86002.

Materials and Methods

Cell Culture

VSMCs were isolated from the aortae of 200- to 250-g male
Sprague-Dawley rats (Harlan, Indianapolis, Ind) and maintained in
10% calf serum (Hyclone, Gaithersburg, Md)/DMEM as described
previously?® Passages 5 to 15 VSMC at 70% to 80% confluence
were growth arrested by incubation in DMEM supplemented with
0.4% calf serum for 48 hours before use.

Immunoprecipitation and Western Blot Analysis

Cells were harvested in a lysis buffer containing 10 mmol/L HEPES,
pH 7.4, 50 mmol/L sodium pyrophosphate, 50 mmol/L NaF,
50 mmol/L NaCl, 5 mmol/L EDTA, 5 mmol/L EGTA, 10@mol/L
NaVO,, 0.5 mmol/L PMSF, 1Qug/mL leupeptin, and 0.1% Triton
X-100. Western blot analysis, SDS-PAGE, transfer to nitrocellulose,
and detection by chemiluminescence were performed as desétibed.
p38, ERK1/2, p90RSK, and JNK were immunoprecipitated from 200
wg protein by incubation for 1 hour at 4°C with polyclonal
antibodies (Santa Cruz; p38 antibody was from J.H.) and an
additional 2 hours’ incubation with protein A or protein G-Sepharose
(Gibco-BRL). The immunoprecipitates were washed 2 times with 1
mL lysis buffer, 2 times with 1 mL LiCl wash buffer (500 mmol/L
LiCl, 100 mmol/L Tris-HCI, pH 7.6, 0.1% Triton X-100, 1 mmol/L
DTT), and 2 times in 1 mL Buffer A (HEPES 20 mmol/L, pH 7.2,

2 mmol/L EGTA, 10 mmol/L MgC}, 1 mmol/L DTT, 0.1% Triton
X-100).

Protein Phosphorylation
Kinase assays were performed using bacterially expressed p3
and ERK2 or immunoprecipitates of p38 and ERK1/2. JNK was

assayed by an affinity complex kinase assay using glutathione

Stransferase (GST)-Jun. His-p38 was prepared using expressio
vector pET14b and a polymerase chain reaction (PCR) fragmen
containing the coding region of p38 and ERK2 cDNA. His-p38
was purified by affinity chromatography using His-Bind metal
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HEPES, pH 7.4, 10 mmol/L MgGland 10 mmol/L MnCJ. The
kinase reaction then was initiated by addition ofu§ substrate
protein, 15umol/L ATP, and 0.5 mCi/mL of?P-y-ATP (final
volume, 30uL), and the reaction proceeded for 10 minutes at
30°C. The phosphorylation reaction was terminated by addition of
Laemmli sample buffer, and proteins were analyzed on 15%
SDS-PAGE, followed by autoradiography. The radioactivity in
the spot corresponding to substrate protein was determined by
densitometry (in the linear range of film exposure) using NIH
Image 1.60.

Intracellular pH Measurement
Na'/H* exchange was determined by ethylisopropyl amiloride
(EIPA)-sensitive intracellular pH (pHrecovery after acid loading
as previously described using BCECF fluoresceriteCells were
grown on coverslips, loaded with;gmol/L BCECF, and alkalinized
with 20 mmol/L NH,CI as described in a HEPES-Tris—balanced salt
solution containing 130 mmol/L NaCl, 5 mmol/L KCI, 1.5 mmol/L
CacCl, 1.0 mmol/L MgC}, and 20 mmol/L HEPES buffered to pH
7.4 at 25°C with Tris. After 5 minutes, the solution was replaced with
130 mmol/L NaCl lacking NECI to acid load the cells, and the rate
of recovery was measured in pH units per minute. The rate ¢f pH
recovery was converted to mmol*Hinin per liter cells (J) by
multiplying by the buffering power. Buffering power was deter-
mined by stepwise reduction of N&I in the presence of agonists or
inhibitors under conditions in which ion fluxes were completely
inhibited (5 mmol/L BaCJ, 30 umol/L EIPA). Data were then
€plotted as J versus pH enabling pH, (pH for half-maximal
recovery) and Y, to be calculated.

GST-NHE-1 Fusion Protein Construction
and Purification
Bacterial expression plasmids containing different domains of the
human NHE-1 were prepared by subcloning PCR-generated Eco RI
fragments of NHE-1 cDNA (cloned in pBluescript) into pGEX-KG.
Three overlapping constructs were prepared by PCR: NHE-1(516 to
630), NHE-1(625 to 747), and NHE-1(748 to 815), as previously
described? The orientation and reading frames of all constructs were
confirmed by sequencing. Three additional fusion proteins were
prepared from NHE-1(625 to 747). These proteins—NHE-1(625 to
670), NHE-1(625 to 714), and NHE-1(625 to 670,714 to 747)—were
prepared by digesting NHE-1(625 to 747) with the following
restriction enzymes: Bse Al, Psp 5II, Bse Al, and Psp 5II, respec-
tively. After blunting the ends, the fragments were religated and
cloned in pGEX-KG. After transformation of GST-NHE-1 con-
structs into the BL21 strain d. coli, cultures were grown to sublog
phase and induced for 3 hours at 37°C with 1 mol/L isoprgpw-
thiogalactopyranoside. Cells were collected, sonicated, and centri-
fuged. The supernatants were incubated with glutathione-agarose for
60 minutes at 4°C. Bound fusion proteins were washed extensively
and eluted with 20 mmol/L reduced glutathione, 100 mmol/L
Tris-HCI, pH 7.4, and 100 mmol/L NaCl. Protein concentrations
were checked by Coomassie staining of SDS-PAGE-separated
proteins. NHE-1(516 to 815) was not synthesizedebycoli in the
soluble fraction, so this fusion protein was purified from inclusion
bodies. In brief, after induction with 1 mol/L isopropghb-
thiogalactopyranoside, cells were collected, sonicated, and centri-
fuged. The pellet was washed once with 1 mol/L sucrose, resus-
8pended with 10 mmol/L Tris, pH 7.4, 2% Triton X-100, 5 mmol/L
EDTA, and 100 mmol/L NaCl and was incubated overnight at 4°C.
After centrifugation, the pellet was resuspended with 3% SDS, and
nthe SDS then was removed by chromatography on Extracti-Gel D
 Detergent Removing gel (Pierce). Protein concentrations were de-
termined by Coomassie staining of SDS-PAGE—separated proteins.

chelation resin (Novagen). Protein concentrations were checked Statistical Analysis
by Coomassie staining of SDS-PAGE-separated proteins. Precip-For experiments performed at least 3 times, results were compared

itated kinases or His-p38 were resuspended in 25 mmol/L

by Student test, with a difference dP<<0.05 considered significant.
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: A. p38 Sorbitol Ang Il
kD Time, min 0 5 15 30 5 15 30
B. ERK1/2 Sorbitol Ang Il
Time.min 5 5 15 30 60 5 15 30 60
: MBP
Figure 1. p38 is present in VSMC. Growth-arrested VSMCs
were harvested, and cell lysate proteins were separated by C. JNK1 i 05 A:g il 3060
SDS-PAGE, transferred to nitrocellulose membrane, immuno- Time, min
blotted with antibody to p38, and then detected by ECL. A sin- GST-
gle band of ~43 kd is present. = c-jun
Results B
p38 Is Present in VSMC E
To verify that p38 was present in VSMC and that the antibody §
used was specific, Western blot analysis was performed on 2
whole-cell lysates. A single band ef43 kd (Figure 1) was g
detected, which is the same mass as previously reported in 3
other cell types** Immunoprecipitation using this antibody "
yielded predominantly a 43-kd protein, whereas preimmune s o pr prm 2
serum failed to precipitate this protein (not shown). Time, min
. . . Figure 2. Angiotensin Il (Ang Il) and sorbitol stimulate ERK1/2,
Anglc_)tens!n I _SumUIate_S p381 ERK1/2, and JNK p38, and JNK in VSMC: time course. Growth-arrested VSMCs
Activity With Different Time Courses were stimulated with 0.4 mol/L sorbitol or 100 nmol/L angioten-

We have shown previously that angiotensin 1] rapidly stim- sin |l for the indicated times, cells were harvested, and ERK1/2,
lates ERK1/2 in VSMC with K activati t 5 minute p38, and JNK activities were determined as described in Materi-
ulates ”F.] - wi pea. activa |0.n al > miNutes. 45 and Methods. A, p38 activity was measured by an immune
To compare activation of MAP kinase family members, we complex kinase assay using MBP as substrate. B, ERK1/2 was
determined the time course for activation of p38, ERK1/2, wg?jsurﬁd b%’ anlin-gel kinaée assa(}j/ Ufstingsl\[/)lgppiz Eugstrafe-

: - : - phosphorylation was detected after - y autora-
ar_]d JINK' by angm?ensm . _AngIOten_Sln Il (100 anI/L) diography. C, JNK activity was measured by an affinity complex
stimulated a rapid increase in p38 with peak at 5 minutes kinase assay using GST-Jun as substrate. D, Comparison of
(Figure 2A). Angiotensin Il also stimulated a rapid increase in magnitude of angiotensin Il stimulation of MAP kinases in
ERK1/2 (peak, 5 minutes; Figure 2B), which returned much VSMC. Results of 3 to 6 experiments were normalized to control

’ L ’ ] levels of activity, which were arbitrarily set to 1.0.
more slowly to baseline than p38 (60 minutes versus 15
minutes). In contrast, angiotensin Il activation of JNK was
much slower (peak, 30 minutes; Figure 2C). A more detailed
analysis of ERK1/2 and p38 was performed to determine the
precise time course for activation and their relationship. Both gffect of p38 and ERK1/2 Inhibition on

p38 and ERK1/2 were activated within 2.5 minutes with peak Regulation of Na*/H* Exchange

at 5 minutes, suggesting that these 2 MAP kinases are bothyy/e previously have demonstrated that ; ptécovery in
rapidly activated in response to angiotensin Il (Figure 3). The ysmC is completely dependent on N&* exchange in the
magnitude of p38 activation by angiotensin Il at the peak time apsence of bicarbonaté.Because the only isoform of the
(2.0-fold at 5 minutes) in VSMC was smaller than activation Na’/H* exchanger present in VSMC is NHE*1these cells
of ERK1/2 (4.9-fold at 5 minutes), using myelin basic protein  may be used as a model to study regulation of NHE-1
(MBP) as substrate (Figure 3C). activity. Both angiotensin fland sorbitol (B.C.B., unpub-
Hyperosmolar stress has been shown to stimulate*p38, lished data, 1998) stimulate Nai* exchange in VSMC. To
and its mechanism of activation may be different from characterize the relative roles of the MAP kinases as potential
angiotensin Il. Therefore, we compared activation of p38 and NHE-1 kinases, we used pharmacologic concentrations of
ERK1/2 by 0.4 mol/L sorbitol to activation by angiotensin Il.  inhibitors. We focused on the roles of p38 and ERK1/2 in
As shown in Figure 2, 0.4 mol/L sorbitol stimulated ERK1/2, angiotensin Il activation of NHE-1, because the increase in
but the time course was slower (peak, 15 minutes) and more JNK activity (peak, 30 minutes) was much slower than
sustained £120 minutes) than angiotensin Il. Similar to the stimulation of NHE-1 activity (peak, 1 to 5 minutes)Ve
time course for ERK1/2, sorbitol stimulated a slow activation first determined the effect of the p38 inhibitor SKF-86002 on
of p38 (maximum 5.5-fold at 15 minutes) that was sustained angiotensin ll-stimulated N&H* exchange by fluorescence
for >60 minutes. Thus both angiotensin 1l and sorbitol pH measuremerit®In brief, growth-arrested VSMCs were
stimulate ERK1/2 and p38 activity in VSMC, but activation loaded with BCECF and acid-loaded by the XiHprepulse

of p38 by angiotensin Il was of smaller magnitude and shorter
duration than activation by sorbitol.
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Time, min 1] 25 5 7.5 10 7.4
me
" T o,
»
8
2 70
B. p38 8 A 4 e
Time, min 0 25 &5 75 10 B A L e
£ e8] A o2t
é'! 66l L7 @ Control
- Fg A +Angll
f O + Angll, + 10 uM SKF-86002
6.4 . . .
0 100 200 300
Time, sec
C.
B. 12 -
3 50 1]
5 10 5
& a0 —o— ERKi/2 1 A ® Control
5 —— 9 ) A +Angll
3 a0 pas 5] A O +Angll, + 10 uM SKF-86002
§ A o
2 20 z 71 A
2 64 . . A a
& $ AD
0.0 44 ] O
25 5 7.5 10 3] .' O
Time, min 24 t A% E
Figure 3. Angiotensin Il stimulates ERK1/2 and p38 in VSMC: 1 %
time course. Growth-arrested VSMCs were stimulated with 100 o T T

nmol/L angiotensin Il for the indicated times, cells were har- 6.0 6.5 7.0 7.5 8.0
vested, and ERK1/2 and p38 activities were determined as

1 1lul H
described in Materials and Methods. A, ERK1/2 was measured ntracellular p

by an in-gel kinase assay using MBP as substrate. MBP phos- Figure 4. Effects of angiotensin Il and SKF-86002 on Na*/H*
phorylation was detected after SDS-PAGE by autoradiography. exchange in VSMC. A, Growth-arrested VSMCs were acid-

B, p38 activity was measured by an immune complex kinase loaded with NH,CI for 5 minutes, and the rate of pH; recovery
assay using MBP as substrate. C, Comparison of magnitude of was measured using BCECF. As indicated, cells were pretreated
angiotensin Il stimulation of MAP kinases in VSMC. Results of 3 during the NH,CI pulse with vehicle (®), 100 nmol/L angiotensin
experiments were normalized to control levels of activity, which Il alone (4), or 100 nmol/L angiotensin+10 uwmol/L SKF-86002
were arbitrarily set to 1.0. (@). pH; recovery was inhibited by >90% when 10 umol/L EIPA

was added, as previously reported.” B, Data from 6 separate

. - . experiments comparing pH; recovery vs time were analyzed. The
technique, and the rate of acid recovery was measured in theralte of pH; recovery was expressed as Jy by multiplying the

presence of 100 nmol/L angiotensin Il (5-minute pretreat- dpH/dt by the buffering power at each pH. Data were then plot-
ment) 0.1 to 30umol/L SKF-86002. Angiotensin Il stim-  ted as pH; vs Ju. The standard errors were <10% and were

ulated the rate and extent of pidcovery (Figure 4A and 4B). delleted for clarity. SKF-86002 had no sigpificant effect on buff.-

. . . ; ering power, and the pH; vs Jy plot for this compound alone did
Angiotensin |l also shifted the pkito higher pH (con- not differ significantly from control (not shown).
trol=6.51+0.08; angiotensin H6.70+0.12; Figure 4B;
N=6; P<0.001) as shown by a shift to the right in the J  p38 and ERK1/2 appear to be involved in angiotensin
versus pHplot, consistent with a decrease in, for H" as ll-mediated regulation of NHE-1 activity.
previously reported SKF-86002 increased angiotensin Il—
stimulated Na/H* exchange (1@mol/L shown in Figure 4A Recombinant Histidine Tagged p38 (His-p38)
and 4B) and phk (angiotensin 110 pmol/L SKF- Phosphorylates GST-NHE-1 In Vitro
86002=6.82+0.11;, N=6, P=0.016 versus angiotensin Il The Na/H" exchanger has been suggested to be a physio-
alone). There was no significant effect of SKF-86002 alone logical substrate for ERK1/2 based on studies by Fliegel's
on J, versus pk(data not shown). The time dependence for group (Wang et &f). However, the domains of NHE-1
the SKF-86002 effect (1 to 120 minutes) showed that the phosphorylated by ERK1/2 and the potential of other MAP
maximal effect of 10umol/L SKF-86002 occurred at 5 kinases to phosphorylate the exchanger have not been well
minutes. The effect of SKF-86002 to increasesphas characterized. We chose to study recombinant His-p38 for
concentration dependent with an £©f ~1 umol/L (not these experiments because of its high level of activity as
shown). These results suggest that p38 exerts an inhibitorymeasured by phosphorylation of MBP (see below). In addi-
effect on angiotensin Il stimulation of NHE-1. To study the tion, a specific inhibitor for p38 is available (SKF-86002),
role of ERK1/2 in angiotensin Il activation of NA&H* whereas inhibitors that inactivate ERK1/2 and JNK directly
exchange, we used the MEK-1 inhibitor, PD98059. As have not been identified. We first tested the ability of His-p38
previously reported by other investigatdt$ 262’ PD98059 to phosphorylate the entire NHE-1 COOH tail (NHE-1[516 to
inhibited Na/H* exchange in a concentration-dependent 815]), which contains 25 serines and 8 threonines. Recombi-
manner with an E¢ of ~1 umol/L (not shown). Thus both  nant His-p38 readily phosphorylated NHE-1(516 to 815)
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. GST-NHE-1
(516-815)

. — MBP

Figure 5. p38 phosphorylates NHE-1(516 to 815). Recombinant
His-p38 (0.25 mg/assay) was incubated with 35 pmol/L NHE-
1(516 to 815) fusion protein or 35 pmol/L MBP in the presence
of 32P-y-ATP for 20 minutes at 30°C. The reaction was termi-
nated by addition of Laemmli sample buffer. Phosphorylated
proteins were identified by autoradiography after SDS-PAGE.

(Figure 5, right) to an extent similar to phosphorylation of
MBP (Figure 5, left), under these conditions.

To characterize domains of NHE-1 phosphorylated by p38,
we prepared 3 overlapping GST-NHE-1 fusion proteins
(Figure 6) described as NHE-1(516 to 630), NHE-1(625 to
747), and NHE-1(748 to 815). When utilized as substrates for
His-p38, only NHE-1(625 to 747) was phosphorylated in
vitro (Figure 7). This region of the NHE-1 COOH tail

contains several prolines near serine/threonine residues
(T686, S694, T696, S703, S724, and S727) that may serve a
phosphorylation motifs for serine/threonine kinases such as

MAP kinase family members. Based on the location of these
prolines, we constructed 3 additional GST-NHE-1 fusion
proteins (Figure 6) overlapping NHE-1(625 to 747): NHE-
1(625 to 670), NHE-1(625 to 714), and NHE-1(625 to
670,714 to 747). Recombinant His-p38 phosphorylated NHE-
1(625 to 714) but did not phosphorylate NHE-1(625 to 670)
or NHE-1(625 to 670,714 to 747) (Figure 7). These results

69—

46— - —p38 auto-P

a0 —GST
21.5—

Figure 7. NHE-1(625 to 747) contains serines and threonines
phosphorylated by p38. Recombinant His-p38 (0.25 mg/assay)
was incubated with 35 pmol/L of the indicated GST-NHE-1
fusion proteins or GST alone in the presence of 32P-y-ATP for
20 minutes at 30°C. The reaction was terminated by addition of
Laemmli sample buffer. Phosphorylated proteins were identified
by autoradiography after SDS-PAGE. *Phosphorylated GST-
NHE-1 fusion protein. Autophosphorylation of His-p38 (molecu-
lar weight=46 kd) occurred to a small extent (p38 auto-P). Note
that the molecular weight of NHE-1(625 to 747) is similar to
His-p38.

As shown in Figure 8, SKF-86002 completely inhibited p38
phosphorylation of NHE-1(625 to 747). In contrast, neither
the drug vehicle (1% dimethyl sulfoxide [DMSO]) nor

SKF-105809 (an inactive prodrug of SKF-86002) had any
effect on NHE-1(625 to 747) phosphorylation by p38. Be-
cause SKF-86002 is specific for p38 relative to other MAP

Kinase memberg, inhibition of NHE-1 phosphorylation

proves specificity of the antibody for immunoprecipitation
and validates that p38 is the immunoprecipitated kinase
responsible for phosphorylation of NHE-1. It was not possi-
ble to perform this experiment with SKF-86002 in intact
cells, because during immunoprecipitation of p38 and subse-
guent washing, the inhibitor was removed and p38 autophos-
phorylation (and hence activation) occurred (not shown).

indicate that p38 phosphorylated serine/threonine reSidueSCOmparison of NHE-1 Phosphorylation by

located between amino acids 671 and 714 of NHE-1.

Specificity of NHE-1(625 to 747) as a

p38 Substrate

To confirm the specificity of NHE-1(625 to 747) phosphor-
ylation by p38, we determined the effect of the p38 inhibitor
SKF-86002? VSMCs were stimulated with 0.4 mol/L sorbi-
tol for 15 minutes, p38 immunoprecipitated, and an immune
complex kinase assay then was performed with NHE-1(625
to 747) in the presence or absence ofuifiol/L SKF-86002.

516 815
516 630
————————————
625 747
———
748 815
625 670

625 714
625 747
Figure 6. Schema for constructs of human NHE-1. A total of 6

GST-fusion protein constructs were prepared spanning amino
acids 516 to 815 of human NHE-1.

Endogenous MAP Kinases

Angiotensin Il and sorbitol activated p38 with different time
courses and magnitude when assayed by MBP phosphoryla-
tion (Figure 2). We repeated this experiment using NHE-
1(625 to 747) as the substrate (Figure 9). Angiotensin Il
rapidly and transiently stimulated p38 activity with peak
activity (=2.5-fold increase) at 5 minutes. In contrast, sorbi-

DMSO  SKF-86002 SKF-105809
Y > N S & S
- S ™ S
c.°¢ P b°° & od'.‘ f
;  __ GST-NHE-1
T (625-747)

il o

Figure 8. The p38 inhibitor, SKF-86002, blocks phosphorylation
of NHE-1(625 to 747) by endogenous p38. Growth-arrested
VSMCs were stimulated with 0.4 mol/L sorbitol for 15 minutes,
and p38 was immunoprecipitated from cell lysates. Immunopre-
cipitated p38 then was incubated for 15 minutes at room tem-
perature with 1% DMSO, 100 umol/L SKF-86002, or

100 pwmol/L SKF-105809 (structurally related to 86002 but inac-
tive). p38 activity was measured using NHE-1(625 to 747) as a
substrate. Similar results were obtained after angiotensin Il stim-
ulation (not shown).
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0.4 M sorbitol
o £ S
Fe&s
L

)
Y — GST-NHE-1
o - (625-747)

100 nM Ang Il
>

0 & &
& &S &8

F oS
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Figure 9. Angiotensin Il and 0.4 mol/L sorbitol activate p38 in
VSMC: time course. Growth-arrested VSMCs were stimulated
with 100 nmol/L angiotensin Il or 0.4 mol/L sorbitol for the indi-
cated times, and cells were harvested. p38 was immunoprecipi-
tated from cell lysates, and p38 activity was then measured
using NHE-1(625 to 747) as a substrate. Results are representa-
tive of 3 experiments.

tol stimulated a larger, slower, and more sustained activation

with peak activity &11-fold) at 15 minutes. These results
confirm those previously obtained with MBP as substrate.
To gain insight into the relative potency of endogenous
VSMC kinases as NHE-1 kinases, we compared NHE-1
kinase activity of immunoprecipitated p38, JNK, and ERK1/2
after stimulation of VSMC by 100 nmol/L angiotensin I
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Figure 11. SKF-86002 increases angiotensin Il stimulation of

(Figure 10). The rank order of potency of these kinases as ERK1/2. Growth-arrested VSMCs were preincubated for 30 min-

NHE-1 kinases (after angiotensin Il stimulation), measured
by phosphorylation of GST-NHE-1(625 to 747) was ERK1/
2>p38>>JINK (Figure 10; normalized densitometric values
relative to p38 of 2.0, 1.0, and 0.05, respectively). Specifi-
cally, JNK showed no significant basal or angiotensin II—-
stimulated activity as an NHE-1 kinase. Both p38 and
ERK1/2 showed minimal activity toward NHE-1 at baseline
and a 2- to 3-fold increase in activity after angiotensin Il
treatment. To prove the specificity of the immunoprecipita-
tion, Western blot analysis was performed with antibodies to

utes with 0.1% DMSO or 10 umol/L SKF-86002, stimulated with
100 nmol/L angiotensin Il for 5 minutes, and then harvested. A,
ERK1/2 were immunoprecipitated from cell lysates, and ERK1/2
activity was measured using MBP as a substrate. B, Total cell
lysates were size-fractionated by SDS-PAGE and an in-gel
kinase assay performed with MBP as substrate. C, p90RSK was
immunoprecipitated from cell lysates, and p90RSK activity was
measured in an in-gel kinase assay using GST-NHE-1(625 to
747) as a substrate. Results are representative of 3 experiments.

in the presence of vehicle (DMSO) demonstrating that angio-
tensin Il activation of p38 is associated with inhibition of

each of the 3 MAP kinases. This analysis showed that only ERK1/2 activation. To confirm that the increase in ERK1/2
the appropriate kinase was present in the immunoprecipitatesactivity after treatment with SKF-86002 (measured by im-

(not shown).

Inhibition of p38 Augments Angiotensin Il

Stimulation of ERK1/2

A possible explanation for the increase in NHE-1 activity
after treatment of VSMC with SKF-86002 (Figure 4) is that

mune complex MBP phosphorylation) was not due to an
associated protein in the immunoprecipitate, the same exper-
iment was performed by in-gel kinase assay (Figure 11B).
With this technique, there was a 18.2-fold greater in-
crease in ERK1/2 activity in the presence of SKF-86002.
Finally, we studied the effect of SKF-86002 on p90RSK, a

p38 inhibits another NHE-1 kinase. Several reports suggest pytative NHE-1 kinas@that is regulated by ERK1/2 (Figure

that ERK1/2 and downstream kinases regulated by ERK1/2,

such as p90RSK, are involved in activation of NHE-
11218192627 determine whether activation of p38 by angio-
tensin Il inhibited activation of ERK1/2, VSMCs were
stimulated by angiotensiniil umol/L SKF-86002, ERK1/2

11C). VSMCs were stimulated by angiotensir-1l umol/L
SKF-86002, p90RSK was immunoprecipitated, and an im-
mune complex kinase assay then was performed with GST-
NHE-1(625 to 747) as substrate (Figure 11C). As previously
reported;? angiotensin Il stimulated p90RSK activity, which

were immunoprecipitated, and an immune complex kinase was 1.4-0.2-fold greater in the presence of SKF-86002.
assay then was performed with MBP as substrate (Figure aqdition of SKF-86002 (1, 10, or 10@mol/L) directly to the

11A). In the presence of SKF-86002, angiotensin Il stimu-
lated a 2.5:0.4-fold greater increase in ERK1/2 activity than

IP: p38 JNK1 ERK1/2
Angll, min: 0 5 0 30 0 5

__ GST-NHE-1
(625-747)

Figure 10. NHE-1(625 to 747) is a better substrate than JNK for
endogenous p38 and ERK1/2. Growth-arrested VSMCs were
stimulated with 100 nmol/L angiotensin Il for 5 or 30 minutes as
indicated, and cells were harvested. p38, JNK1, and ERK1/2
were immunoprecipitated from cell lysates, and kinase activity
was then measured using NHE-1(625 to 747) as a substrate.
Results are representative of 3 experiments.

kinase reaction caused no change in ERK1/2 or p90RSK
activity, indicating that there was no direct action of the drug
on ERK1/2 or p90RSK. These data indicate that stimulation
of p38 by angiotensin Il inhibits ERK1/2 activity and down-
stream kinases such as p90RSK.

Discussion
This study establishes a functional role for p38 in angiotensin
Il signal transduction and suggests that p38 is a negative
regulator of NHE-1 function in VSMC. The 4 major findings
that support these conclusions are: (1) angiotensin Il stimu-
lates p38 in VSMC; (2) inhibiting p38 activity with the
specific p38 antagonist SKF-86002 increases angiotensin
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ll-stimulated NHE-1 activity; (3) among the MAP kinases cell stimuli and the purity of the recombinant NHE-1 fusion
stimulated by angiotensin Il in VSMC, ERK1/2 and p38 proteins used for assay. However, it should be noted that the
exhibit the greatest activity in vitro as NHE-1 kinases; and (4) stoichiometry of phosphorylation of NHE-1 by ERK1/2 in the
inhibiting p38 activity enhances ERK1/2 activation, indicat- present study and previous repditsis quite low (<0.1). In

ing cross-talk between these MAP kinases. These findings contrast, p90RSK, a downstream substrate of ERK1/2, is also
demonstrate important roles for p38 and ERK1/2 in angio- stimulated by angiotensin'fi* and has a stoichiometry of
tensin ll-mediated regulation of the N&l* exchanger in phosphorylation~1.0 for recombinant NHE-1 (M.T. and
VSMC. B.C.B., unpublished observations, 1998).

The present report is the first to describe p38 activation by ~ The present study also indicates that angiotensin Il stimu-
angiotensin Il and a functional role for p38 in VSMC. p38 lation of p38 is important in regulating Né&H* exchange in
was originally described as the mammalian homolog of HOG VSMC. We propose 2 nonexclusive mechanisms by which
1, which is required for the response to hyperosmolar stress inp38 may regulate NHE-1 activity. First, p38 may phosphor-
yeast!* Although p38 complements HOG 1-deficient yeast, Ylate NHE-1 directly, causing a conformational change that
its role in mammalian cells remains to be defined. The inhibits transport activity (or preventing interactions with
concept that p38 is important in mediating the response to other regulatory molecules required for transport activity).
extracellular stress, especially inflammation, is supported by Second, p38 decreases ERK1/2 activity in VSMC, inhibiting
data that show p38 activation by UV radiation, interleukin-1, function of downstream kinases regulated by ERK1/2, such
tumor necrosis factos, and lipopolysaccharid@.A role for as p9ORSKY that are NHE-1 kinases. In agreement with the
angiotensin Il as an inflammatory mediator has emerged from Present study, Grinstein’s group reported that the carboxyl-
studies of angiotensin ll-mediated signal transduction. For terminal domain of NHE-1 was phosphorylated by p38
example, angiotensin I stimulation of the Janus kinase/signal (Shrode et &l). However, these investigators concluded that

transducer(s) and activator(s) of transcription pathway resem-P38 was unlikely to be an NHE-1 kinase, because they found
bles the responses elicited by interferpiin VSMC2 The that NHE-1 activation preceded p38 activation in U937 cells.

present findings that angiotensin Il stimulates p38 further We also found that p38 activation was too slow to account for

strengthens the concept that angiotensin Il may have cytokine@ngiotensin ll-mediated activation of NHE-1, but the tempo-
and proinflammatory actions. However, it should be noted ral events are consistent with p38 playing a role in inactiva-

that angiotensin |l also activates JNKyhich suggests that tion of.NHE-l. Finally, B.ianf:h.ini et.é? found that inhibiting
cytokine-like effects of angiotensin Il are likely due to JNK as P38 With SB203580 (which is identical to SKF 86002) had no

well as p38. effect on NHE-1 activation in CCL39 fibroblasts stimulated

Several kinases have been suggested to be important foPy either thrombirt-insulin or sorbitol. A possible explana-
activation of the N&/H* exchanger, including calcium-cal- tion for the difference in the present study and Bianchini et
modulin—dependent kinasé;* ’ERK1/2 16.19.27 and al”® is that cross-talk between p38 and ERK1/2 occurs to a

lesser extent in CCL39 cells compared with VSMC.

pP90RSK!** There are several findings that suggest that i : )
In summary, we propose that angiotensin Il simultaneously

calcium-calmodulin—dependent kinase is a critical regulator . . . - . .
of NHE-1 activity®- BFi)nding experiments with calmgdu- activates and inactivates NHE-1 in VSMC by stimulating

lin-Sepharose, as well as fluorescence measurements WithERKl./2 and p38, respectively.. Our dgta sugge;t t.h‘j"F P38
dansylated calmodulin, revealed that the NHE-1 cytoplasmic negatively rf_egulates NHE'.l actn_/lty, indirectly by |nh|b|t|_ng
domain strongly binds calmodulin in a €adependent man- ERK1/2 act!vn.y and poss@ly directly by phosphorylating
ner® Mutations that prevent calmodulin binding to the NHE-1. A similar antago_nlsm_between ERKUZ and p38

. . L . . has been proposed for stimulation of apoptSsiad for IgE
high-affinity binding region rendered NHE-1 constitutively - S . .
active® These data suggest that the high-affinity calmodulin receptor—-mediated release of arachidonic acid and production

oo . - ; Lo - of tumor necrosis factow,?® suggesting that cross-talk be-
binding region functions as an “autoinhibitory domain” and

that C&"-calmodulin activates NHE-1 by relieving this auto- tween p38 and ERK1/2 IS Important in several blo_loglcal
S . . . . responses. Future work will be required to determine the
inhibition. There is also evidence that calcium-calmodulin—

. . relative importance of p38 and ERK1/2 in angiotensin Il—
depende_nt k|na§e p_hospho_rylates the exchanger diréouy, mediated regulation of NHE-1, as it is clear that NHE-1
the functional significance is unclear.

. . regulation is complex, involving phosphorylation of NHE-
The present study agrees with previous reports that J P g phosphory

1,5 modification of NHE-1-associated proteiti$! and
1 i vidBA7 J . '
ERKlt/ 2 ?rz_able to photsptuo:yltf;\]te ':/IFIQ}E( :LElgllnltfg.Se;/heral __ cross-talk among upstream regulatory kina$&s;’as dem-
recent studies suggest that the i pathway IS ,strated in the present study.
important in activation of NHE-1. These studies include
|nh|b|t|o_n of serumjstlmulate/(leEIHE_-l_ _act|V|ty in f|brobla}sts Acknowledgments
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