The Journal of Biological Chemistry

e

THE JOURNAL OF BIOLOGICAL CHEMISTRY

Vol. 275, No. 39, Issue of September 29, pp. 30707-30715, 2000
Printed in U.S.A.

Bradykinin-regulated Interactions of the Mitogen-activated Protein
Kinase Pathway with the Endothelial Nitric-oxide Synthase*

Received for publication, June 13, 2000, and in revised form, July 14, 2000

Published, JBC Papers in Press, July 17, 2000

Sylvie G. Bernieri$, Saptarsi Haldarif, and Thomas Michelf|**

From the Cardiovascular Division, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts
02115 and |Veterans Affairs Boston Healthcare System, West Roxbury, Massachusetts 02132

Activation of the bradykinin B2 receptor in endothe-
lial cells initiates a complex array of cellular responses
mediated by diverse signaling pathways, including stim-
ulation of the mitogen-activated protein (MAP) kinase
cascade and activation of the endothelial isoform of ni-
tric-oxide synthase (eNOS). Several protein Kkinases
have been implicated in eNOS regulation, but the role of
MAP kinases remains less well understood. We explored
the interactions between eNOS and components of the
MAP kinase pathway in bovine aortic endothelial cells
(BAEC). Using co-immunoprecipitation experiments, we
isolated eNOS in a complex with the MAP kinases extra-
cellular signal-regulated kinases 1 and 2 (ERK1/2) as
well as the protein kinases Raf-1 and Akt. Within min-
utes of adding bradykinin to BAEC, the eNOS-Raf-1-
ERK-Akt heteromeric complex dissociated, and it subse-
quently reassociated following more prolonged agonist
stimulation. Bradykinin treatment of BAEC led to the
activation of ERK, associated with an increase in phos-
phorylation of eNOS; phosphorylation of eNOS by ERK
in vitro significantly reduced eNOS enzyme activity. Ev-
idence for the direct phosphorylation of eNOS by MAP
kinase in BAEC came from “back-phosphorylation” ex-
periments using [y->2P]JATP and ERK in vitro to phos-
phorylate eNOS isolated from cells previously treated
with bradykinin or the MAP kinase inhibitor PD98059.
The ERK-catalyzed in vitro 32P phosphorylation of eNOS
isolated from BAEC treated with bradykinin was signif-
icantly attenuated compared with untreated cells, indi-
cating that bradykinin treatment led to the phosphoryl-
ation of ERK-sensitive sites in cells. Conversely, eNOS
isolated from endothelial cells pretreated with the MAP
kinase inhibitor PD98059 showed increased ERK-pro-
moted phosphorylation ir vitro. Taken together, our re-
sults suggest that bradykinin-induced activation of ERK
leads to eNOS phosphorylation and enzyme inhibition, a
process influenced by the reversible associations of
members of the MAP kinase pathway with eNOS.

The nonapeptide bradykinin is a key determinant of vascular
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function; bradykinin B2 receptors in endothelial cells modulate
vasodilation, changes in vascular permeability, mitogenesis,
and adhesion molecule expression, among other responses (1).
The complex array of bradykinin’s cellular responses is medi-
ated by diverse signaling pathways, including stimulation of
the MAP! kinase cascade and activation of the endothelial
isoform of nitric oxide synthase (eNOS). Several essential
transducers of the bradykinin response, the bradykinin B2
receptor (2), MAP kinase components (3), and eNOS, all can be
localized in plasmalemmal caveolae in endothelial cells. Plas-
malemmal caveolae serve as sites for the sequestration of di-
verse signaling proteins, including G protein-coupled receptors,
growth factor receptors, G proteins, protein kinases, and nitric-
oxide synthases (for a review, see Ref. 4). Caveolae represent
spatially restricted membrane domains that may serve to co-
ordinate signaling pathways and provide an additional level of
discrimination and control in the cell’s response to receptor-
mediated activation of specific intracellular effectors. Caveo-
lae-targeted proteins have been broadly implicated both in
eNOS regulation and in signaling by components of the MAP
kinase cascade (reviewed in Refs. 4 and 5). These facts sug-
gested to us that there may be dynamic interactions of these
signaling pathways that are modulated by the bradykinin B2
receptor.

The endothelial nitric-oxide synthase (eNOS) is a Ca?"-cal-
modulin-dependent enzyme that has been identified as an im-
portant determinant of vascular tone and platelet function. It
has been established that bradykinin is a key endogenous
activator of eNOS via B2 receptor-mediated increases in intra-
cellular Ca?* consequent to the G protein-dependent activation
of phospholipase C and the stimulation of downstream CaZ*-
mobilizing pathways (6). It has also been clearly shown that
bradykinin treatment of different cell types leads to activation
of the MAP kinase cascade (7-9). Receptor-mediated stimula-
tion of the MAP kinase pathway can be initiated by activation
of the GTP-binding protein Ras; activated Ras then recruits the
kinase Raf-1 to the plasma membrane, leading to Raf-1 phos-
phorylation and ultimately to the phosphorylation and activa-
tion of MAP kinases including ERK (10-12). An alternative
pathway for MAP kinase activation by G protein-coupled re-
ceptors is independent of Ras and instead involves protein
kinase C-dependent phosphorylation of Raf-1 (13). In addition
to the existence of such stimulus-specific pathways for activa-
tion of MAP kinases, the signaling responses downstream from

! The abbreviations used are: MAP, mitogen-activated protein; NOS,
nitric-oxide synthase; eNOS, endothelial isoform of NOS; ERK, extra-
cellular signal-regulated protein kinase; BAEC, bovine aortic endothe-
lial cell(s); TBS, Tris-buffered saline; MEK, mitogen-activated protein
kinase/extracellular signal-regulated kinase kinase; HA, hemaggluti-
nin; PAGE, polyacrylamide gel electrophoresis; ANOVA, analysis of
variance.
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MAP kinase can be importantly influenced by cell-specific pro-
tein interactions, adding to the complexity of this kinase cas-
cade. In cultured vascular endothelial cells, bradykinin treat-
ment has been found to activate the extracellular signal-
regulated kinases ERK1 and ERK2 (14), also known as the
p42/44 MAP kinase. ERK itself is phosphorylated following the
upstream activation (by phosphorylation) of protein kinases
Raf-1 and MAP kinase/ERK kinase (MEK).

The interrelationships of eNOS and MAP kinase pathways
are less well understood. Although there are numerous puta-
tive MAP kinase phosphorylation consensus sequences in the
eNOS molecule, it has not been previously established that
eNOS itself is directly phosphorylated by MAP kinase in cells.
Several other protein kinases have been more directly impli-
cated in eNOS regulation, including kinase Akt (15-18), AMP-
activated protein kinase (19-20), protein kinase C (21), and
cyclic GMP-dependent protein kinase (19). Specific residues on
eNOS have been identified that undergo phosphorylation by
these kinases, but it appears that some residues may undergo
phosphorylation by more than one kinase (e.g. Ser!!”” can be
phosphorylated both by kinase Akt (15-18) and by the AMP-
activated kinase (20)), yet other phosphorylated residues have
no clear kinase consensus sequences. The proximity of eNOS
and MAP kinases within plasmalemmal caveolae may facili-
tate their interactions and coordinate the regulation of these
complex signaling pathways, both of which are known to be
separately activated by bradykinin. In the present studies, we
explore the role of bradykinin in modulating the interactions
between eNOS and members of the MAP kinase pathway in
cultured endothelial cells, and we also provide evidence indi-
cating that ERK inhibits eNOS by phosphorylating the enzyme
in endothelial cells.

EXPERIMENTAL PROCEDURES

Materials—Fetal bovine serum, cell culture reagents, and media
were purchased from Life Technologies, Inc. Anti-eNOS, anti-c-Raf-1
monoclonal, and anti-mouse IgG, antibodies were purchased from
Pharmingen (Lexington, KY). Anti-MAP kinase (ERK1/2) polyclonal
antibody was purchased from Upstate Biotechnology, Inc. (Lake Placid,
NY). Anti-active MAP kinase polyclonal antibody was purchased from
Promega (Madison, WI). Anti-phospho-Akt (Ser*”®) and anti-Akt poly-
clonal antibodies were purchased from New England BioLabs (Beverly,
MA). Antibody 12CA5 directed against the HA epitope was from Roche
Molecular Biochemicals. Recombinant MAP kinase (ERK2), PD98059,
calphostin C, and wortmannin were purchased from Calbiochem. HOE
140 was purchased from Research Biochemicals International (Natick,
MA). [y-*2P]ATP and [*2?Plorthophosphoric acid were purchased from
ICN (Costa Mesa, CA). L-[*H]arginine was purchased from Amersham
Pharmacia Biotech. Tris-buffered saline and phosphate-buffered saline
were purchased from Boston BioProducts (Ashland, MA). Other re-
agents were from Sigma. The HA-tagged bovine eNOS ¢cDNA has been
previously described (22). This plasmid served as a template for the
generation of the S1179A mutant by PCR-based site-directed mutagen-
esis using the manufacturer’s protocols (Stratagene). The forward PCR
primer for mutagenesis was 5'-CGTACCCAGGCCTTTTCCCTG-3’, and
the reverse primer was 5'-CAGGGAAAAGGCCTGGGTACG-3'. Follow-
ing amplification, isolation, restriction digestion, and molecular cloning
of the fragment containing the mutation, the nucleotide sequence of the
amplified/mutated fragment was confirmed by dideoxynucleotide se-
quencing using standard techniques.

Cell Culture and Transfection—Bovine aortic endothelial cells
(BAEC) were from Cell Systems (Kirkland, WA) and were maintained
in culture as described (23). Cells were plated (8.5 X 10° cells/plate)
onto gelatin-coated 100-mm plates and studied prior to cell confluence
at passages 5—7. All drug treatments were carried out in culture me-
dium; control cultures were incubated in parallel with vehicle-contain-
ing medium. Transfection of BAEC with plasmid DNA was performed
using Lipofectin according to the manufacturer’s protocols (Life Tech-
nologies). Transfected cells were studied 48 h following transfection.

Preparation of Cellular Lysates, Immunoprecipitation, and Immuno-
blot Analyses—Following various drug treatments as shown below, the
BAEC were washed with phosphate-buffered saline, harvested in buffer

eNOS Regulation by MAP Kinase

A (50 mm Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxy-
cholate, 150 mm NaCl, 1 mm EDTA, 2 mm Na;VO,, 1 mm NaF, 2 pg/ml
leupeptin, 2 pg/ml antipain, 2 pg/ml soybean trypsin inhibitor, and 2
pg/ml lima bean trypsin inhibitor), solubilized for 30 min at 4 °C, and
centrifuged at 14,000 X g, 15 min. For immunoprecipitation using the
eNOS monoclonal antibody, aliquots of cell homogenates were incu-
bated with eNOS antibody at a final concentration of 4 ug/ml. After 1 h
at 4 °C, protein G-Sepharose beads (80 ul of a 50% slurry) were added
to the supernatant for a further 1-h incubation at 4 °C. Bound immune
complexes were washed three times with buffer A and then eluted by
boiling in electrophoresis sample buffer and resolved by SDS-PAGE on
9% gels, transferred onto nitrocellulose membranes, and then probed in
immunoblots using eNOS, c-Raf-1, MAP kinase, or Akt antibodies using
protocols provided by the suppliers. Immunoprecipitations using the
12CA5 antibody directed against the HA epitope tag were performed
according to the manufacturer’s instructions. For immunoblot analyses
of cell lysates, 10—20 mg of cellular protein was resolved by SDS-PAGE,
transferred to nitrocellulose membranes, and probed with antibodies as
indicated. For the phospho-MAP kinase immunoblotting, the mem-
branes were blocked for 4 h in 10 mwm Tris-buffered saline (TBS) con-
taining 0.1% Tween 20 (TBS-T) and 5% skim milk. After the mem-
branes had been washed with TBS-T, antibody against phosphorylated
MAP kinase (0.2 pg/ml) was added in TBS-T containing 0.1% skim milk
for 2 h. After washing of the membranes with TBS-T, horseradish
peroxidase-conjugated goat anti-rabbit IgG (Pierce) was added at a
1:10,000 dilution in TBS-T and incubated for 1 h. After a final washing
of the membranes with TBS-T, proteins were visualized with SuperSig-
nal Western blot analysis system from Pierce. Immunoblot analyses
using the phospho-Akt antibody were performed according to the pro-
tocol provided by the supplier.

In Vitro eNOS Phosphorylation—BAEC were harvested, lysed, and
immunoprecipitated with eNOS antibodies, and the immune complexes
were isolated using protein G-Sepharose and washed as described
above. The eNOS immune complexes were incubated with recombinant
ERK2 (0.1 pg) in “phosphorylation buffer” (25 mm Tris-HCI, pH 7.4, 150
mM NaCl, 10 mm MgCl,, 0.5 mMm dithiothreitol, 25 um ATP, and 2.5 uCi
of y-[*2P]ATP at 30 °C for 30 min, in a final concentration of 40 ul). The
reaction was stopped by adding 15 ul of 5X concentrated electrophore-
sis sample buffer. Proteins were resolved by SDS-PAGE, electroblotted
onto nitrocellulose membrane, and analyzed by autoradiography.

Measurement of eNOS Enzymatic Activity—NOS activity was as-
sessed as described previously using anion exchange chromatography
to measure the conversion of L-[*H]arginine into L-[*H]citrulline (24)
with minor modifications. Briefly, the immunoprecipitated proteins
were incubated at 30 °C for 30 min in 50 mMm Tris-HCI, pH 7.4, 10 um
tetrahydrobiopterin, 1 mm dithiothreitol, 1 mm CaCl,, 4 um flavin
mononucleotide, 4 uM flavin adenine dinucleotide, 0.5 uM L-arginine, 1
mM B-nicotinamide adenine dinucleotide phosphate, reduced form, and
0.2 uCi of L-[*H]arginine. The reaction was stopped by the addition of
ice-cold sodium acetate (20 mm, pH 5.5) containing 1 mM L-citrulline, 2
mM EDTA, 2 mm EGTA, and the L-[*H]citrulline content was deter-
mined by anion exchange chromatography.

Biosynthetic Labeling—BAEC were incubated in phosphate-free Dul-
becco’s modified Eagle’s medium containing 80 wCi/ml [*?P]orthophos-
phoric acid (9000 Ci/mmol) for 4 h, exposed to drugs as indicated, and
then harvested and immunoprecipitated with eNOS antibody as de-
scribed above. The phosphorylated proteins were resolved by SDS-
PAGE, electroblotted onto nitrocellulose membrane, and analyzed by
autoradiography. The membrane was later probed by immunoblotting
with the eNOS antibody to validate the identification of the eNOS band.

“Back-phosphorylation” of eNOS—BAEC were exposed to drugs as
indicated and then harvested and solubilized with detergent as de-
scribed above; the soluble preparation was then immunoprecipitated
with eNOS antibody and protein G-Sepharose, and the complexes were
washed three times. eNOS phosphorylation was performed using re-
combinant ERK and [y-**P]ATP as described above. The reaction was
stopped by adding 15 ul of 5X concentrated electrophoresis sample
buffer. Proteins were resolved by SDS-PAGE, electroblotted onto nitro-
cellulose membrane, and analyzed by autoradiography. The membrane
was later probed by immunoblotting with the eNOS antibody to vali-
date the identification of the eNOS band.

RESULTS

We began our exploration of the possible associations be-
tween eNOS and signaling proteins of the MAP kinase path-
way by performing a series of co-immunoprecipitation experi-
ments in endothelial cells treated with bradykinin. In resting
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Fic. 1. Effects of bradykinin on interactions of eNOS with Raf-1. Shown are the results of co-immunoprecipitation experiments performed

in BAEC treated with bradykinin as indicated; immunoprecipitates are isolated using the eNOS antibody, and the immune complexes are resolved
by SDS-PAGE followed by immunoblotting with the Raf-1 antibody as described in detail under “Experimental Procedures.” A, time course of the
effects of bradykinin on eNOS-Raf-1 co-immunoprecipitation from BAEC. Cells were incubated with bradykinin (1 uMm) for the indicated times (left
panel); eNOS was immunoprecipitated (IP), and immunoblot (IB) analysis was performed with Raf-1 and eNOS antibodies as shown. The
experiment shown is representative of four independent experiments. Specificity of the eNOS immunoprecipitation is shown in the right panel, in
which the eNOS antibody or nonimmune IgG, anti-mouse was used in the same immunoprecipitation protocol at ¢ = 0; immunoblot analysis was
performed with Raf-1 and eNOS antibodies as shown. B, bradykinin dose response for eNOS-Raf-1 dissociation (left panel). BAEC were incubated
with indicated concentrations of bradykinin for 5 min, and eNOS was immunoprecipitated, resolved on SDS-PAGE, and subjected to immunoblot
analysis using the Raf-1 antibody. The experiment shown is representative of four independent experiments; the lower panel shows the results of
densitometric analyses pooled from four experiments, plotting the percentage of the initial co-immunoprecipitation between eNOS and Raf-1
remaining at the indicated doses of bradykinin. Each data point represents the mean = S.E. derived from four independent experiments. Blockade
of the effects of bradykinin by the B2 antagonist compound HOE 140 (10 uM) is shown in the right panel, in which the antagonist (or vehicle) was
incubated with BAEC for 15 min prior to the addition of bradykinin (1 um) for 5 min, followed by harvesting, eNOS immunoprecipitation,

SDS-PAGE, and immunoblot analysis using the Raf-1 antibody. This experiment was repeated twice with equivalent results.

endothelial cells, we found that immunoprecipitation of the
solubilized cell lysate with eNOS antibodies leads to the co-
immunoprecipitation of the kinases Raf-1 (Fig. 1) and ERK
(Fig. 2). After adding bradykinin (1 um) to BAEC, the complex
between eNOS and Raf-1 (Fig. 1) or ERK (Fig. 2) dissociates
within 5 min; the heteromeric complex reforms between 10 and
15 min following the addition of bradykinin. The effect of bra-
dykinin is blocked by the B2 receptor antagonist HOE140;
nonimmune serum does not lead to any co-immunoprecipita-
tion (Fig. 1). The bradykinin-induced dissociation of the com-
plex of eNOS with Raf-1 (Fig. 1) or with ERK1/ERK2 (Fig. 2)
shows a similar dose dependence, with an ECj;, for bradykinin
of ~30 num for all three proteins (Fig. 2). As seen in the eNOS
immunoblots, there is no change in the recovery of eNOS itself
following the various drug treatments (Figs. 1 and 2).

We investigated the effects of various protein kinase inhibi-
tors on the recovery of eNOS-kinase heteromeric complexes in
response to bradykinin. We used calphostin C, a protein kinase
C inhibitor (25); wortmannin, a phosphatidylinositol-3 kinase
inhibitor (8); and PD98059, a MEK inhibitor (26). We pre-
treated BAEC with these different protein kinase inhibitors for
30 min, added bradykinin for varying times before harvesting

the cells, and then used the eNOS antibody to immunoprecipi-
tate from the cell lysates. The eNOS immunoprecipitates were
resolved on SDS-PAGE, transferred to nitrocellulose mem-
branes, and then immunoblotted with antibodies directed
against Raf-1 (Fig. 3A) or ERK (Fig. 3B). In the absence of
protein kinase inhibitors, the addition of bradykinin (1 um)
leads to the transient dissociation of the eNOS-Raf-1 or eNOS-
ERK complexes, as was shown above. However, the addition of
calphostin C completely blocks the ability of bradykinin to
induce the dissociation of the eNOS-Raf-1 or eNOS-ERK com-
plexes. By contrast, neither wortmannin nor PD98059 have a
significant effect on the bradykinin-induced dissociation of the
eNOS-kinase complexes in BAEC; however, the reassociation
of eNOS with both Raf-1 and ERK appears to be delayed in cells
pretreated with the MEK inhibitor PD98059 (Fig. 3).

We next studied the effects of bradykinin on interactions of
the protein kinase Akt with eNOS, the protein kinase most
clearly implicated in eNOS phosphorylation. As was found for
Raf-1 and ERK (Figs. 1 and 2), the kinase Akt could be co-
immunoprecipitated with eNOS in resting BAEC (Fig. 4).
Treatment of endothelial cells with bradykinin results in the
dissociation of the eNOS-Akt complex; this heteromeric com-
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Fic. 2. Effects of bradykinin on interactions of eNOS with
ERK. Shown are the results of co-immunoprecipitation experiments
performed in BAEC treated with bradykinin as indicated; immunopre-
cipitates are isolated using the eNOS antibody, and the immune com-
plexes are resolved by SDS-PAGE followed by immunoblotting with the
ERK antibody as described in detail under “Experimental Procedures.”
A, time course of the effects of bradykinin on eNOS-ERK co-immuno-
precipitation from BAEC. Cells were incubated with bradykinin (1 um)
for the indicated times; eNOS was immunoprecipitated (IP), and im-
munoblot (IB) analysis was performed with ERK and eNOS antibodies
as shown. The experiment shown is representative of four independent
experiments. B, bradykinin dose response for eNOS-ERK dissociation.
BAEC were incubated with indicated concentrations of bradykinin for 5
min, and eNOS was immunoprecipitated, resolved on SDS-PAGE, and
subjected to immunoblot analysis using the ERK antibody. The exper-
iment shown is representative of four independent experiments; the
lower panel shows the results of densitometric analyses pooled from
four experiments, plotting the percentage of the initial co-immunopre-
cipitation between eNOS and ERK remaining at the indicated doses of
bradykinin. Each data point represents the mean = S.E. derived from
four independent experiments.

plex reforms with more prolonged agonist treatment. Pretreat-
ment of BAEC with the protein kinase C inhibitor calphostin C
blocks the bradykinin-induced dissociation of eNOS and Akt,
whereas the kinase inhibitors wortmannin and PD98059 are
without effect (Fig. 4A). We next investigated whether kinase
Akt itself is activated by bradykinin in BAEC. Akt activity is
controlled by phosphorylation of specific threonine and serine
residues (27). Using a specific antibody recognizing active
(phosphorylated) Akt, we found absolutely no increase in Akt
phosphorylation at any time following bradykinin treatment of
BAEC (Fig. 4B). In contrast to the lack of effect of bradykinin
on Akt activation, we found (Fig. 4B) that vascular endothelial
growth factor, which has been previously shown to activate
eNOS and to increase Akt phosphorylation (15, 17), leads to a
robust increase in Akt phosphorylation.

eNOS Regulation by MAP Kinase

We next explored whether bradykinin treatment of BAEC
would lead to activation of ERK, a response previously ob-
served following bradykinin B2 receptor activation in other cell
types (7-9). We treated endothelial cells with bradykinin (1 um,
5 min) and quantitated ERK activation by performing immu-
noblots of cell lysates probed with an antibody specific for
activated (phosphorylated) ERK (Fig. 5A4). As shown in Fig. 54,
bradykinin leads to ERK activation, a response blocked by the
kinase inhibitor PD98059 (a MEK inhibitor) but not by the
protein kinase C inhibitor calphostin. We also found that re-
combinant ERK could phosphorylate eNOS in vitro; immuno-
precipitated eNOS was incubated with purified recombinant
ERK in the presence of [y-32P]ATP, and the phosphorylation of
eNOS was analyzed by SDS-PAGE followed by autoradiogra-
phy (Fig. 5B). To assess the influence of phosphorylation on
eNOS activity, we performed NOS enzyme assays following
incubation of immunoprecipitated eNOS with ERK (or vehicle)
plus (unlabeled) ATP. As shown in Fig. 5C, incubation of eNOS
with MAP kinase leads to a significant decrease in NOS activ-
ity, measured as the formation of [L-°H]citrulline from
[L-3H]arginine (43 + 2% decrease in enzyme activity; mean =+
SE,p<0.05n=3).

Treatment of [*?Plorthophosphate biosynthetically labeled
BAEC with bradykinin leads to an increase in eNOS phospho-
rylation, as we have previously shown (23); this effect of bra-
dykinin was blocked by PD98059 (Fig. 6A4). We developed ad-
ditional evidence for the phosphorylation of eNOS by MAP
kinase in BAEC by performing “back-phosphorylation” experi-
ments, in which we used [y-3?PJATP and ERK in vitro to
phosphorylate eNOS that had been isolated from cells that
were pretreated with bradykinin or the MAP kinase inhibitor
PD98059. As shown in Fig. 6B, the ERK-catalyzed in vitro 32P
phosphorylation of eNOS isolated from BAEC that had been
pretreated with bradykinin (1 uMm, 5 min) was significantly
attenuated relative to untreated cells (30 + 5% decrease in 2P
labeling of eNOS; p < 0.05, n = 3), indicating that the brady-
kinin treatment of endothelial cells leads to the phosphoryla-
tion of ERK-sensitive sites in eNOS. Conversely, eNOS isolated
from endothelial cells pretreated with the MAP kinase inhibi-
tor PD98059 showed a robust increase in ERK-promoted 32P
phosphorylation in vitro (radiolabeling of eNOS following
PD09059 treatment was 162 * 6% relative to control cells; p <
0.05, n = 3). We next performed experiments in BAEC trans-
fected with the mutant eNOS-S1179A, in which serine 1179
(the putative site for phosphorylation by Akt and other kinases)
had been changed to alanine (S1179A). We constructed this
S1179A mutant eNOS in a plasmid in which eNOS is fused at
its C terminus to the HA epitope tag; we have previously
validated this construct in detail (22, 28). The use of an epitope
tag permits the selective immunoprecipitation of the trans-
fected eNOS, allowing the features of the transfected mutant to
be distinguished from the endogenous enzyme expressed in
endothelial cells. The transfected eNOS-S1179A mutant still
undergoes phosphorylation in 3?P; biosynthetically labeled
BAEC (data not shown), and we therefore performed back-
phosphorylation experiments to determine whether the re-
maining phosphorylation sites were ERK-sensitive. These
back-phosphorylation experiments in PD98059-treated BAEC,
shown in Fig. 6C, reveal that the S1179-HA-eNOS mutant
undergoes ERK-sensitive phosphorylation, just like the wild-
type endogenous enzyme.

The next series of experiments investigated the effects of
various protein kinase inhibitors on eNOS enzyme activity. We
speculated that agonist-induced phosphorylation might lead to
a sustained alteration in eNOS enzyme activity that could be
measured in assays with the isolated enzyme in vitro. BAEC
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Fic. 3. Effects of protein kinase in- A
hibitors on bradykinin-induced dis-
sociation of eNOS and protein ki-
nases Raf-1 or ERK. BAEC were
incubated with protein kinase inhibitors
as indicated for 30 min at 37 °C: protein
kinase C inhibitor calphostin C (200 nMm),
phosphatidylinositol 3-kinase inhibitor
wortmannin (500 nm), or the MAP kinase
kinase inhibitor PD98059 (10 uMm). Brady-
kinin (1 um) was then added and the cells
harvested at the indicated times following
the addition of the agonist. eNOS was
immunoprecipitated, and the immune
complexes were resolved by SDS-PAGE
and analyzed in immunoblots probed with
antibodies against Raf-1 (A) or ERK (B).
The data shown are representative data
of three independent experiments. The
lower panels show the results of densito-
metric analyses from pooled data, plotting
the percentage of the eNOS-kinase com-
plex remaining at 5 min following the ad-
dition of bradykinin relative to the
amount present at ¢ = 0. Results are
shown for blots probed with antibodies
against Raf-1 (A) or ERK (B); each data > e
point represents the mean + S.E. derived o \&30“
from three independent experiments. *, )
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FiG. 4. Effects of protein kinase in-
hibitors on bradykinin-induced dis-
sociation of eNOS and protein kinase
Akt. A, BAEC were incubated with pro-
tein kinase inhibitors as indicated for 30
min at 37 °C: calphostin C (200 nm), wort-
mannin (500 nm), or PD98059 (10 um).
Bradykinin (1 puMm) was then added, and
the cells were harvested at the indicated
times following the addition of the ago-
nist. eNOS was immunoprecipitated, and
the immune complexes were resolved by
SDS-PAGE and analyzed in immunoblots
probed with antibodies against Akt. The
data shown are representative data of
three independent experiments. The mid-
dle panel shows the results of densitomet-
ric analyses from pooled data, plotting the
percentage of the eNOS-Akt complex re-
maining at 5 min following the addition of
bradykinin relative to the amount present
at t = 0; each data point represents the
mean * S.E. derived from three inde-
pendent experiments. *, p < 0.05 versus
value at ¢ = 0 (ANOVA). B shows an im-
munoblot probed for activated kinase Akt
in cell lysates prepared from BAEC incu-
bated with either bradykinin (1 uMm) or
vascular endothelial cell growth factor
(VEGF, 40 ng/ml) for the indicated times.
Cell lysates (20 ug) were analyzed in im-
munoblots probed with an antibody di-
rected against activated (phosphorylated)
kinase Akt. The experiment shown is rep-
resentative of three independent experi-
ments, which yielded equivalent results.
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Fic. 5. Activation of ERK by bradykinin and inhibition of
eNOS by ERK. A shows the results of immunoblots prepared from
BAEC treated with bradykinin and various protein kinase inhibitors
and probed with an antibody against activated (phosphorylated) ERK.
BAEC were pretreated with PD98059 (10 uM) or calphostin C (200 nm)
for 30 min and then stimulated without (—) or with (+) bradykinin (1
uM, 5 min). Cell lysates (10 ug) were resolved on SDS-PAGE, and
immunoblots were probed using an anti-phospho-ERK antibody. Rep-
resentative data from four independent experiments are shown. B
shows the results of in vitro phosphorylation of eNOS by ERK. eNOS
was immunoprecipitated from BAEC with the eNOS antibody and
incubated in the absence (—) or in the presence (+) of recombinant ERK
for 30 min at 30 °C, as described under “Experimental Procedures.”
Following SDS-PAGE and transfer to a nitrocellulose membrane, the
membrane was analyzed by autoradiography and then probed in an
immunoblot with eNOS antibody, as shown. The experiment shown is
representative of three independent experiments. C shows the results of
an eNOS activity assay in which eNOS was immunoprecipitated and
incubated with or without recombinant ERK for 30 min at 30 °C,
following which eNOS enzymatic activity was measured as described
under “Experimental Procedures.” Each data point represents the
mean * S.E. of L-[’H]citrulline production, derived from three inde-
pendent experiments. *, p < 0.05; **, p < 0.01 versus control (ANOVA
test).
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were pretreated with different protein kinase inhibitor for 30
min, treated for varying (brief) times with 1 um bradykinin,
harvested, lysed, and immunoprecipitated with the eNOS an-
tibody as described above. NOS enzyme activity was then
measured for the immunoprecipitated eNOS (using the
[*Hlarginine-[*H]citrulline assay) following various cell treat-
ments. As shown in Fig. 7, bradykinin treatment of BAEC
yielded eNOS that showed a transiently increased eNOS activity;
a 2-fold increase in enzyme activity was seen at 2 min of brady-
kinin stimulation, and activity returned to base line by 5 min.
The bradykinin-induced increase in eNOS enzyme activity was
completely abolished by pretreatment with calphostin C; by con-
trast, wortmannin did not block the bradykinin-induced tran-

eNOS Regulation by MAP Kinase

sient enzyme activation. Importantly, pretreatment of BAEC
with the MAP kinase inhibitor PD98059 (10 um) induced a
marked and sustained increase in eNOS activity (2.2-fold in-
crease; p < 0.01, n = 3) even in the absence of bradykinin (Fig. 7).

DISCUSSION

These studies have provided multiple lines of evidence es-
tablishing the existence of regulatory interactions between
components of the MAP kinase pathway and eNOS. We have
shown that antibodies against eNOS co-immunoprecipitate the
MAP kinases ERK1/2 as well as the MAP kinase kinase kinase
Raf-1 (Figs. 1 and 2). Control experiments showed that nonim-
mune serum yields no co-immunoprecipitation, establishing
that the immunoprecipitation of these kinases by the eNOS
antibody is specific (Fig. 1). Further confidence in the specific-
ity and relevance of these observations comes from experi-
ments that explore the effects of bradykinin on these eNOS-
kinase interactions. As shown in Figs. 1 and 2, the addition of
bradykinin led to the dissociation of the eNOS-kinase hetero-
meric complex, which subsequently reassociates. The dose re-
sponse for the effect of bradykinin on dissociation of the eNOS-
kinase complex showed an ECg, of ~30 nu, similar to that
observed for many physiological responses to bradykinin in
cultured cells (29). The antagonist compound HOE140 com-
pletely blocks the effect of bradykinin on dissociation of the
eNOS-kinase complex, indicating that the response is mediated
by B2 bradykinin receptors.

We characterized the bradykinin-regulated interactions of
eNOS with several kinases both within the MAP kinase path-
way (Raf-1, ERK1, ERK2), as well as with the phosphatidyli-
nositol 3-kinase-activated protein kinase Akt (Figs. 1, 2, and 4).
We have previously used cellular imaging approaches to estab-
lish that bradykinin promotes the translocation of eNOS from
plasmalemmal caveolae to intracellular membranes (30). It is
plausible that the approaches used in the current study reveal
a biochemical correlate (or consequence) of bradykinin-induced
eNOS subcellular translocation, in which bradykinin-induced
changes in eNOS lead to its dissociation from heteromeric
complexes involving several caveolae-targeted proteins includ-
ing members of the MAP kinase pathway (Figs. 1 and 2) and
protein kinase Akt (Fig. 4). The targeting of these different
signaling proteins to caveolae may serve to facilitate their
regulatory interactions both with caveolin (4, 5) and with one
another and thereby coordinate the multiple cellular responses
that are elicited following activation of the B2 bradykinin re-
ceptor. The time course of bradykinin-induced eNOS phospho-
rylation (minutes) is slower (23) than the time course of eNOS
activation following B2 receptor stimulation (within several
seconds). This temporal sequence of bradykinin-mediated
eNOS activation followed by enzyme phosphorylation is con-
sistent with a model wherein ERK phosphorylation serves to
attenuate eNOS activation. It appears less likely that eNOS
phosphorylation by ERK is necessary for its translocation; we
have previously shown that an eNOS mutant expressed only in
the cytosol (myristoylation-deficient eNOS) still undergoes
phosphorylation (22), and the present studies indicate that an
inhibitor of the MAP kinase pathway does not block dissocia-
tion of the eNOS-kinase heteromeric complex (Fig. 3). Indeed,
since eNOS is reversibly associated with protein kinases that
are implicated in opposing regulatory effects on the enzyme,
leading to both eNOS activation (Akt) and inhibition (ERK),
the proximity of these kinases to eNOS and their reversible
associations must be accompanied by a higher level of control.

Different protein kinase inhibitors have distinct effects on
bradykinin-induced dissociation of eNOS-kinase complexes in
agonist-treated endothelial cells (Figs. 3 and 4). Neither the
phosphatidylinositol 3-kinase inhibitor wortmannin nor the
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Fic. 6. Phosphorylation of eNOS in endothelial cells. The experiments shown in A involve 2P, biosynthetic labeling of BAEC, which are
treated as indicated and then immunoprecipitated with eNOS antibodies followed by SDS-PAGE and autoradiography. The left-hand panel shows
arepresentative experiment in which 2P, biosynthetic labeled BAEC were treated with or without PD98059 (10 uM) for 30 min and then incubated
with (+) or without (—) bradykinin (1 puM) for 5 min and then harvested, immunoprecipitated with eNOS antibodies, analyzed by SDS-PAGE,
transferred to nitrocellulose membranes, and analyzed by autoradiography and in immunoblots probed with the eNOS antibody. The right panel
shows a histogram of phosphorylation data derived from three independent experiments; each data point represents the mean = S.E. *, p < 0.05
versus control (ANOVA). B shows a series of back-phosphorylation experiments, as described in detail under “Experimental Procedures.” The left
panel shows a representative experiment in which BAEC were pretreated with PD98059 (10 uMm) for 30 min and then stimulated with (+) or
without (—) bradykinin (1 um) for 5 min. eNOS was immunoprecipitated and subjected to phosphorylation in vitro using [y->P]ATP plus
recombinant ERK as described under “Experimental Procedures” and then analyzed by SDS-PAGE followed by autoradiography and subsequent
immunoblotting with the eNOS antibody, as shown. Pooled data from three independent experiments are shown in the histogram in the middle
panel; each data point represents the mean * S.E. *, p < 0.05 versus control (ANOVA). C shows the results of back-phosphorylation experiments
in BAEC transfected with wild-type or S1179A mutant eNOS ¢cDNAs. BAEC were transfected either with a cDNA construct encoding the HA
epitope-tagged S1179A eNOS mutant (S1179A) or with the ¢cDNA encoding HA-tagged wild-type eNOS (Wild-type) and analyzed in back-
phosphorylation experiments in cells treated with PD98059, exactly as above, except that immunoprecipitation was performed with the antibody
directed against the HA epitope to selectively immunoprecipitate the transfected construct. Pooled data from three independent experiments are
shown in the histogram panel; each data point represents mean = S.E. * p < 0.05 versus control (ANOVA).

MEK inhibitor PD98059 have substantive effects on bradyki-
nin-induced eNOS dissociation in endothelial cells incubated
with these inhibitors prior to treatment with bradykinin. Al-
though PD98059 has no effect on bradykinin-induced eNOS-
kinase dissociation, we reproducibly observed that PD98059
markedly delayed the reassociation of the complex, and we
found that less of the eNOS-kinase complex was present to
begin in cells treated with this kinase inhibitor (Fig. 3). Per-
haps this reflects some involvement of the MAP kinase path-
way in reassembly of the eNOS-kinase heteromeric complex
and/or a role for this pathway in the retargeting of eNOS to
plasmalemmal caveolae. The fact that neither wortmannin nor
PD98059 attenuate the bradykinin-induced dissociation of
eNOS from ERK or Raf-1 (Fig. 3) or from kinase Akt (Fig. 4)

indicates that neither the MAP kinase pathway nor the kinase
Akt pathway are directly involved in disassembly of eNOS-
kinase complexes, despite their being involved in eNOS inhi-
bition or activation, respectively. By contrast, the protein ki-
nase C inhibitor calphostin completely blocks the bradykinin-
induced dissociation of eNOS-protein kinase heteromeric
complexes. The inhibitory effect of calphostin suggests a role
for protein kinase C somewhere in the pathway leading to the
dissociation of eNOS from its associated protein kinases. Acti-
vation of protein kinase C may lead to the activation of the
MAP kinase pathway (13), but in the present studies, using
inhibitor treatments of intact cells, the locus of the calphostin
effect cannot be definitively established. Indeed, although we
have used these various protein kinase inhibitors at concentra-
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Fic. 7. Effects of protein kinase in-
hibitors on bradykinin-stimulated
eNOS activity. Shown are the results of
in vitro NOS activity assays using eNOS
immunoprecipitated from BAEC that had
been treated for 30 min with various
kinase inhibitors and then stimulated
with bradykinin (1 mwm) for varying
lengths of time, as indicated. Cells were
incubated with vehicle (no inhibitor),
calphostin C (200 nm), wortmannin (500
nM), or PD98059 (10 um) and then treated
with bradykinin (1 um) for the indicated
times, harvested, and immunoprecipi-
tated. eNOS activity (assayed as L-[*H]
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Calphostin C
[ Wortmannin
B PD 98059

=

rectly on the immunoprecipitates as
described under “Experimental Proce-

dures.” Each data point represents the 0

mean * S.E. from three independent ex-
periments, each performed in triplicate. *,
p < 0.05; ** p < 0.01 versus no inhibitor
at time 0 (ANOVA).

tions unlikely to yield significant nonspecific effects (8, 25, 26),
the pleiotropic effects often seen with these compounds make it
difficult to draw definitive conclusions about the direct involve-
ment of any particular kinase pathway on the basis of kinase
inhibitor data alone. We pursued several additional lines of in-
vestigation to establish more direct evidence for the roles of
specific protein kinases in regulation of eNOS in endothelial cells.

The involvement of protein kinase Akt in eNOS phosphoryl-
ation has been effectively established in several independent
studies (15-18), although the evidence for involvement of ki-
nase Akt in activation of eNOS by cell surface receptors in
endothelial cells is less compelling. We have shown in these
studies (Fig. 4) that bradykinin does not activate kinase Akt,
whereas vascular endothelial cell growth factor does activate
this kinase. Thus, bradykinin, a key endogenous activator of
eNOS, does not appear to modulate the enzyme via activation
of Akt. Moreover, other kinases, including the AMP-activated
protein kinase, protein kinase A, and a cyclic GMP-activated
kinase have each been implicated in eNOS activation in prior
reports (19, 20), although the relevance of these kinases to
regulation of eNOS in intact endothelial cells remains less well
understood. Indeed, the patterns of eNOS phosphorylation in
endothelial cells may be distinctly different from features of
eNOS phosphorylation studied in heterologous cell systems or
in vitro (31).

Activation of bradykinin B2 receptors in endothelial cells
leads to the activation of ERK, as shown in the current studies
(Fig. 5) and in prior reports in other endothelial cell systems
(14). Since bradykinin is such an important endogenous acti-
vator of eNOS (6) and in the context of our data showing the
dynamic regulation of eNOS-ERK interactions by bradykinin,
we sought additional evidence for the direct involvement of
ERK in eNOS regulation. There are at least 14 plausible ERK
consensus sequences in eNOS, and previous reports identifying
phosphorylated residues in eNOS do not permit the definitive
exclusion or assignment of any of these putative ERK-phospho-
rylated sites. However, simply showing that eNOS can be phos-
phorylated by ERK in vitro (Fig. 5B) or even documenting that
bradykinin-stimulated eNOS phosphorylation is blocked by
PD98059 (Fig. 6A) does not establish definitively that eNOS is
directly modulated by ERK in BAEC. Indeed, the large number
of potential eNOS phosphorylation sites and the diversity of
kinases implicated in eNOS regulation confound attempts to
directly study eNOS phosphorylation in intact cells. We there-
fore performed a series of back-phosphorylation experiments.

The design of these back-phosphorylation experiments is
based upon the premise that if phosphorylation is stimulated

2 5

Time (min)

by a given agonist in the intact (unlabeled) cell, this should
yield an increase in the phosphorylation state of the protein of
interest. When this unlabeled phosphoprotein is then isolated
from the treated cell and subsequently radiolabeled in an in
vitro phosphorylation reaction using a candidate kinase plus
[y-32P]ATP, the protein should undergo less incorporation of
radioactivity if the kinase used in vitro modifies the same sites
as those that had undergone phosphorylation in the intact cell.
Conversely, pretreatment of intact unlabeled cells with the
appropriate kinase inhibitor should lead to the candidate phos-
phoprotein’s having a relatively lower stoichiometry of endog-
enous phosphorylation and therefore to the protein’s being
more robustly radiolabeled when subsequently incubated in
vitro with the [y->2P]JATP plus the appropriate kinase. Our
back-phosphorylation experiments show that bradykinin pre-
treatment of endothelial cells reduces subsequent phosphoryl-
ation of eNOS by ERK, and, conversely, treatment of endothe-
lial cells with the MEK inhibitor PD98059 increases the
subsequent phosphorylation by ERK (Fig. 6). Taken together,
these data provide strong evidence for a direct role of ERK in
eNOS phosphorylation in endothelial cells. Importantly, the
S1179A mutant showed an identical pattern of back-phospho-
rylation as the wild-type enzyme, thereby providing evidence
that the inactivation of the putative Akt phosphorylation state
does not block eNOS phosphorylation by ERK.

The residue in eNOS that has most commonly been found to
be a substrate for in vitro phosphorylation is Ser!!”® (which
corresponds to Ser''”” in human eNOS); in the present studies,
we have characterized the eNOS phosphorylation site mutant
S1179A in intact endothelial cells. In back-phosphorylation
experiments (Fig. 6C), we found that the S1179A eNOS mutant
still shows evidence of ERK-sensitive phosphorylation in intact
endothelial cells, and 2?P; biosynthetic labeling experiments in
BAEC showed that this mutant still undergoes phosphoryla-
tion. Clearly, phosphorylation of eNOS at Ser!!”® is only part
of the story, and it seems highly likely that several additional
residues in eNOS undergo phosphorylation in endothelial
cells, suggesting that diverse kinase pathways might impor-
tantly influence the enzyme. The present studies have pro-
vided evidence indicating that ERK may play a key role in
eNOS regulation.

Although our data strongly suggest that ERK-catalyzed
phosphorylation of eNOS can lead to enzyme inhibition, these
studies have not explicated the precise mechanisms whereby
this inhibition is achieved. We showed that in vitro phospho-
rylation of eNOS by ERK is associated with a reduction in
enzyme activity (Fig. 4); this finding is consistent with our
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observation in intact cells that the MEK inhibitor PD98059
increases eNOS enzyme activity (Fig. 7). However, defining the
mechanisms whereby ERK inhibits eNOS must await the iden-
tification of the site(s) of phosphorylation by this kinase.

These studies have identified a new level of complexity in the
regulation of eNOS by phosphorylation and have provided new
evidence for the inhibition of eNOS activity by MAP kinase
phosphorylation. The multiplicity of candidate kinases and
potential sites for eNOS phosphorylation indicates that inter-
actions between kinase (and phosphatase) pathways may be
important determinants of nitric oxide signaling in the vascu-
lar wall.
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