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The endothelial isoform of nitric-oxide synthase
(eNOS) undergoes a complex pattern of covalent modi-
fications, including acylation with the fatty acids myris-
tate and palmitate as well as phosphorylation on multi-
ple sites. eNOS acylation is a key determinant for the
reversible subcellular targeting of the enzyme to plas-
malemmal caveolae. We transfected a series of hemag-
glutinin epitope-tagged eNOS mutant ¢cDNAs deficient
in palmitoylation (palm™) and/or myristoylation (myr™)
into bovine aortic endothelial cells; after treatment with
the eNOS agonists sphingosine 1-phosphate or vascular
endothelial growth factor, the recombinant eNOS was
immunoprecipitated using an antibody directed against
the epitope tag, and patterns of eNOS phosphorylation
were analyzed in immunoblots probed with phosphoryl-
ation state-specific eNOS antibodies. The wild-type
eNOS underwent agonist-induced phosphorylation at
serine 1179 (a putative site for phosphorylation by ki-
nase Akt), but phosphorylation of the myr~ eNOS at this
residue was nearly abrogated; the palm™ eNOS exhib-
ited an intermediate phenotype. The addition of the CD8
transmembrane domain to the amino terminus of eNOS
acylation-deficient mutants rescued the wild-type phe-
notype of robust agonist-induced serine 1179 phospho-
rylation. Thus, membrane targeting, but not necessarily
acylation, is the critical determinant for agonist-pro-
moted eNOS phosphorylation at serine 1179. In striking
contrast to serine 1179, phosphorylation of eNOS at ser-
ine 116 was enhanced in the myr~ eNOS mutant and was
markedly attenuated in the CD8-eNOS membrane-tar-
geted fusion protein. We conclude that eNOS targeting
differentially affects eNOS phosphorylation at distinct
sites in the protein and suggest that the inter-relation-
ships of eNOS acylation and phosphorylation may mod-
ulate eNOS localization and activity and thereby influ-
ence NO signaling pathways in the vessel wall.
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The endothelial isoform of nitric-oxide synthase (eNOS)!
plays a major role in the control of vascular homeostasis and
platelet aggregation (1, 2). In vascular endothelial cells and in
cardiac myocytes, eNOS is targeted to signal-transducing mi-
crodomains in the plasma membrane termed caveolae, where
eNOS interacts with the scaffolding protein caveolin (for re-
view, see Ref. 3). Plasmalemmal caveolae serve as membrane
sites of sequestration of signaling proteins including receptors,
G proteins, and protein kinases as well as eNOS (for review, see
Ref. 4). The targeting of eNOS to the membrane is mediated by
dual acylation, an irreversible N-myristoylation at Gly?, and
reversible thiopalmitoylation at Cys'® and Cys2® (5). Mutagen-
esis of the eNOS myristoylation site blocks both myristoylation
and palmitoylation and converts the membrane-targeted wild-
type eNOS to a soluble protein; the myr™ mutant is recovered
in the soluble subcellular fraction when expressed in cells (6,
7). The palmitoylation-deficient mutant eNOS (palm ™) exhibits
an intermediate phenotype; the palm™ mutant does undergo
myristoylation, and its membrane association is only partially
reduced compared with the wild-type eNOS (5). The addition of
a prototypical transmembrane domain to the myr~ eNOS is
sufficient to promote eNOS palmitoylation as well as targeting
to caveolae (8) and also restores agonist responsiveness of the
acylation-deficient mutant eNOS enzyme (9). Taken together,
these results suggest that the caveolar location and function-
ality of eNOS are determined by structural features of the
eNOS molecule that are distinct from the enzyme sites of
acylation (10, 11).

Acylation is not the only covalent modification that impor-
tantly affects eNOS. Like the other NOS isoforms, eNOS is a
phosphoprotein (12). There are at least three distinct eNOS
phosphorylation sites: serine 116 (13, 14), threonine 497 (thre-
onine 495 in the human sequence (15)), and serine 1179 (serine
1177 in the human sequence (13, 16, 17)). Of these phospho-
rylation sites, the one most extensively characterized is serine
1179. Several distinct serine/threonine protein kinases have
been implicated in the cellular activation of eNOS by promot-
ing phosphorylation at serine 1179, including kinase Akt (16,
17) and the AMP-activated protein kinase (18) as well as pro-
tein kinase A (19). eNOS phosphorylation at serine 1179 has
been observed in response to a wide variety of extracellular
stimuli, including treatment of endothelial cells with vascular
endothelial growth factor (VEGF) (16, 20), sphingosine-1-phos-

1 The abbreviations used are: eNOS, endothelial nitric-oxide syn-
thase; S1P, sphingosine 1-phosphate; VEGF, vascular endothelial
growth factor; HA, hemagglutinin; BAEC, bovine aortic endothelial
cells; myr-eNOS, mutant eNOS in which the myristoylation site at
glycine 2 is changed to alanine rendering the enzyme acylation-defi-
cient; palm-eNOS, mutant eNOS in which the palmitoylation sites at
cysteines 15 and 26 are changed to serine; EGFP, enhanced green
fluorescent protein; MOPS, 4-morpholinepropanesulfonic acid.
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phate (S1P) (21), insulin (22), lysophosphatidic acid (23), or
estrogens (24) as well as fluid shear stress (13, 17). Agonist-
induced dephosphorylations involving threonine 497 (15, 25)
and serine 116 (14) have also been observed. The pathways
involved in agonist-specific modulation of these distinct phos-
phorylation sites remain under active investigation, and the
inter-relationships between eNOS acylation and phosphoryla-
tion are incompletely understood.

In the present study, we have analyzed the role of eNOS
targeting in the regulation of enzyme phosphorylation. We
studied the phosphorylation patterns of a series of hemagglu-
tinin (HA) epitope-tagged eNOS acylation mutants in which
the myristoylation and/or palmitoylation sites had been inac-
tivated by site-directed mutagenesis. We analyzed these con-
structs in transient transfection experiments performed in bo-
vine aortic endothelial cells (BAEC), thereby avoiding the
potential confounding effects of cell-specific phosphorylation
pathways. To distinguish the recombinant eNOS constructs
from the native enzyme expressed in BAEC, we immunopre-
cipitated the recombinant protein using an antibody against
the HA epitope tag. Using a series of phosphorylation state-
specific antibodies, we were able to show that distinct eNOS
phosphorylation sites are differentially affected by altering the
subcellular targeting of the protein.

EXPERIMENTAL PROCEDURES

Materials—Fetal bovine serum was purchased from Hyclone (Logan,
UT). Cell culture reagents and media were from Invitrogen. FuGENE 6
transfection reagent was from Roche Molecular Biochemicals. S1P was
purchased from BioMol (Plymouth Meeting, PA). VEGF and wortman-
nin were from Calbiochem. Anti-phospho-Ser!'”?-eNOS antibody, anti-
phospho-Akt antibody (serine 473), and anti-Akt antibody were from
Cell Signaling Technologies (Beverly, MA). Anti-phospho-Ser'*¢-eNOS
was from Upstate Biotechnology, Inc. (Lake Placid, NY). Anti-eNOS
monoclonal antibody was from Transduction Laboratories (Lexington,
KY). Monoclonal antibody 12CA5 directed against the HA epitope was
from Roche Molecular Biochemicals. Anti-HA epitope polyclonal anti-
body was from Santa Cruz Biotechnology. Protein G-Sepharose beads
were from Zymed Laboratories Inc. (South San Francisco, CA). Purified
recombinant kinase Akt was from Upstate Biotechnology, Inc. (Lake
Placid, NY). Super Signal substrate for chemiluminescence detection
and secondary antibodies conjugated with horseradish peroxidase were
from Pierce. Tris-buffered saline and phosphate-buffered saline were
purchased from Boston Bioproducts (Ashland, MA). Other reagents
were from Sigma.

Plasmid Construction—cDNA constructs encoding the HA-tagged
wild-type eNOS, myristoylation-deficient eNOS (myr~ eNOS; Gly® mu-
tated to Ala), palmitoylation-deficient eNOS (palm~ eNOS; Cys'® and
Cys?® mutated to Ser), and Akt phosphorylation site-deficient mutant
(Ser''” mutated to Ala) have been previously described (5, 26). Chi-
meric cDNA constructs encoding the fusion proteins CD8. myr~ eNOS
and CD8.myr~ palm~ eNOS have also been described (8). The HA
epitope tag was added to these various CD8.eNOS chimeras by inter-
changing the untagged 3’-terminal 1.5 kilobases of these constructs
with the corresponding HA epitope-tagged eNOS cDNA, taking advan-
tage of a propitious Bg/II restriction site.

For cell imaging studies, we constructed a series of eNOS fusion
proteins with the fluorescent protein EGFP; our preliminary studies
had revealed that the constructs tagged with the HA epitope yielded a
signal-to-noise ratio that was insufficient for high resolution fluores-
cence imaging. The plasmid encoding the eNOS-EGFP fusion protein
was made by cloning the ¢cDNA encoding the sequence of bovine wild-
type eNOS into the mammalian expression vector pPEGFP-N1 (Clontech
Laboratories, Inc., Palo Alto, CA) after first modifying the stop codon at
the 3’ end of the eNOS sequence by using PCR-based mutagenesis to
generate a BamHI restriction site; the stop codon was then used to clone
the eNOS sequence in-frame with the EGFP sequence. To produce
palm~ eNOS-EGFP, CD8myr~ eNOS-EGFP, and CD8myr~ palm™
eNOS-EGFP, these cDNAs were digested with EcoRI and Kpnl, and the
5’ fragment was use to replace the corresponding region in the wild-
type eNOS-EGFP plasmid that had been similarly digested to release
the corresponding 5’ fragment. To construct myr~ eNOS-EGFP, the
CD8myr~ eNOS was first digested with Clal, blunted with mung bean
nuclease, and digested with KpnlI; this cDNA fragment was subcloned
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into eNOS-EGFP that had been first digested with Nhel, blunted with
mung bean nuclease, and digested with KpnlI to release the 5’ fragment
that was then replaced by the myr~ sequence.

Cell Culture, Transfection, and Drug Treatment—Bovine aortic en-
dothelial cells were obtained from Cell Systems (Kirkland, WA) and
maintained in culture in Dulbecco’s modified Eagle’s medium supple-
mented with fetal bovine serum (10% v/v) as described (12). Cells were
plated onto gelatin-coated culture dishes and studied before cell conflu-
ence between passages 5 and 9. BAEC in 60-mm dishes were trans-
fected with plasmids encoding wild-type eNOS, eNOS mutants, and
chimeric constructs using FuGENE 6 (following the supplier’s instruc-
tions) and were analyzed 48 h after transfection. The culture medium
was changed to serum-free medium, and incubation proceeded over-
night before all experiments were conducted (21, 27); transfection fre-
quency using these conditions was ~35%.

S1P was solubilized in methanol and stored at —20 °C; the same
volume of methanol was used as vehicle control, and the final concen-
tration of methanol did not exceed 0.4% (v/v). VEGF was solubilized in
Tris-buffered saline containing 0.1% bovine serum albumin and stored
at —70 °C. Wortmannin was solubilized in dimethyl sulfoxide and kept
at —20 °C; where indicated dimethyl sulfoxide 0.1% (v/v) was used as
vehicle control.

Preparation of Cellular Lysates, Immunoprecipitation, and Immuno-
blotting—After drug treatments, BAEC were washed with phosphate-
buffered saline and incubated for 10 min in lysis buffer (50 mm Tris-
HCI, pH 7.4, 150 mm NaCl, 1% Nonidet P-40, 0.25% sodium
deoxycholate, 1 mm EDTA, 2 mMm Na;VO,, 1 mm NaF, 2 pg/ml leupeptin,
2 ug/ml antipain, 2 pg/ml soybean trypsin inhibitor, and 2 pug/ml lima
trypsin inhibitor). Cells were harvested by scraping and centrifuged at
10,000 X g for 15 min at 4 °C. For immunoprecipitation, aliquots of cell
homogenates were incubated with 12CA5 monoclonal antibody against
the HA epitope (4 pg/ml) for 1 h at 4 °C. Protein G-Sepharose beads
were added to the supernatant, incubated for 1 h, and washed exten-
sively with lysis buffer. Bound immune complexes were eluted by boil-
ing in Laemmli sample buffer, resolved by SDS-PAGE on 7.5% gels, and
transferred onto nitrocellulose membranes. Immunoblots were probed
with phospho-Ser!'”-eNOS, phospho-Ser''6-eNOS, eNOS, and HA
epitope antibodies using protocols provided by the suppliers. For
immunoblot analyses of cell lysates, 20 ug of cellular protein were
resolved by SDS-PAGE, transferred to nitrocellulose membranes, and
analyzed with phospho-Akt and Akt antibodies. Densitometric analyses
of the immunoblots were performed using a Chemilmager 4000
(Alpha-Innotech).

In Vitro eNOS Phosphorylation—BAEC transfected with HA-tagged
wild-type eNOS and myr~ eNOS were harvested, lysed, and immuno-
precipitated with anti-HA monoclonal antibody as described above. The
immune complexes were isolated with protein G-Sepharose and incu-
bated with active recombinant Akt (0.1-0.5 pg) in phosphorylation
assay buffer (20 mm MOPS, pH 7.2, 25 mM B-glycerol phosphate, 5 mm
EGTA, 1 mM sodium orthovanadate, 1 mm dithiothreitol) at 30 °C for 10
min. The reaction was stopped by adding 2X Laemmli sample buffer.
Proteins were resolved by SDS-PAGE, transferred to nitrocellulose
membranes, and probed with the phospho-Ser!!”®-eNOS antibody.

Laser-scanning Confocal Microscopy—BAEC grown on coverslips
were transfected at 50—60% confluency with plasmids encoding EGFP
fusion constructs using FuGENE 6 reagent then incubated for 24 h to
allow protein expression. The transfected cells were fixed using a 3.7%
formaldehyde solution in phosphate-buffered saline and mounted on
microscope slides with SlowFade® antifade kit (Molecular Probes, Inc.).
Samples were imaged using a 60X differential interference contrast oil
immersion objective lens on a Nikon E800 upright microscope with a
Bio-Rad Radiance 2000 confocal attachment. Images are shown as
single optical slices in the z axis.

RESULTS

We first studied the role of eNOS acyl modifications on
agonist-induced eNOS phosphorylation at serine 1179, the pu-
tative site for agonist-modulated enzyme phosphorylation by
kinase Akt (13, 16, 17, 21). We compared the phosphorylation
pattern of wild-type eNOS and the eNOS acylation-deficient
mutants in response to two different agonists known to pro-
mote the phosphorylation of eNOS on serine 1179, the polypep-
tide growth factor VEGF (16, 20) and the platelet-derived
sphingolipid S1P (21). BAEC were transfected with cDNA en-
coding wild-type eNOS, myr~ eNOS, or palm™ eNOS, as de-
scribed under “Experimental Procedures.” Cells were treated
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Fic. 1. Agonist-induced serine 1179 phosphorylation in wild-
type and acylation-deficient eNOS. Panel A shows the results of
immunoblot analyses prepared from BAEC transfected with ¢cDNA
encoding wild-type eNOS, myr~ eNOS, and palm~ eNOS, as indicated.
Transfected cells were treated for 5 min with S1P (100 nm) or VEGF (1
nM). The recombinant proteins were immunoprecipitated with anti-HA
epitope antibody, resolved by SDS-PAGE, and analyzed in immunoblots
probed with antibodies against phospho-Ser!'”-eNOS or the HA
epitope, as shown. This figure shows the results of a representative
experiment that was repeated independently three times with equiva-
lent results. Panel B shows the results of densitometric analyses from
pooled data, plotting the degree of eNOS serine 1179 phosphorylation of
wild-type and eNOS acylation mutants in basal conditions and after
treatment with either S1P or VEGF. Each data point represents the
mean *= S.E. derived from three independent experiments. The asterisk
indicates p < 0.05 versus wild-type eNOS-transfected cells. The dagger
indicates p < 0.05 versus palm~ eNOS-transfected cells (analysis of
variance).

with S1P (100 nm) or VEGF (1 nm) for 5 min, and the recombi-
nant proteins were immunoprecipitated with the anti-HA
epitope antibody. eNOS phosphorylation at serine 1179 was
analyzed in immunoblots probed with a phospho-specific anti-
body. As shown in Fig. 1, wild-type eNOS was robustly phos-
phorylated at serine 1179 in response to S1P and VEGF stim-
ulation. However, S1P-induced serine 1179 phosphorylation of
the myr~ eNOS was completely abrogated, whereas the re-
sponse to VEGF was reduced by 91 = 3% (n = 3, p < 0.01) in
the myr~ eNOS. An intermediate phenotype was found for the
palm™ eNOS: S1P-induced serine 1179 phosphorylation was
reduced by 72 = 7% (n = 3, p < 0.01), and there was a 30 = 9%
decrease (n = 3, p < 0.05) in the serine 1179 phosphorylation in
response to VEGF.

We next analyzed the time course and dose response for S1P-
and VEGF-induced serine 1179 phosphorylation in wild-type
and myr~ eNOS. As seen in Fig. 2, both agonists stimulated a
dose-dependent increase in serine 1179 eNOS phosphorylation
of the wild-type enzyme, with EC5, values of 10 nm and 0.01 nM
for S1P and VEGF, respectively. The phosphorylation of myr™
eNOS at serine 1179 was attenuated even at the highest ago-
nist doses (Fig. 2). As shown in Fig. 3, S1P and VEGF exhibited
a similar time course for agonist-induced phosphorylation of
wild-type eNOS at serine 1179, but the myr~ eNOS showed
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FiG. 2. Dose response for agonist-mediated serine 1179 phos-
phorylation of wild-type and acylation-deficient eNOS. BAEC
transfected with cDNA encoding wild-type (WT) eNOS and myr~ eNOS
were treated with the indicated concentrations of S1P (upper panel) or
VEGF (lower panel) for 5 min. The recombinant proteins were immu-
noprecipitated with the anti-HA epitope antibody, resolved by SDS-
PAGE, and analyzed in immunoblots probed with phospho-Ser!!"-
eNOS antibody. Equal loading of samples was confirmed by re-probing
the immunoblots with HA epitope polyclonal antibody (lower lanes in
each panel). In parallel, cell lysates (20 pg/lane) were resolved by
SDS-PAGE and analyzed by immunoblotting with phospho-Akt and
Akt antibodies. Shown are the representative results of an experiment
that was repeated three times with equivalent results.

markedly attenuated phosphorylation at all time points in re-
sponse to these agonists. As shown in Figs. 2 and 3, agonist-
induced phosphorylation of kinase Akt was unaffected by
transfection of the different eNOS constructs; loading controls
showed equivalent levels of protein expression under these
different experimental conditions. We next used purified ki-
nase Akt to explore whether there was an intrinsic difference
between the wild-type and myr~ eNOS in their suitability as a
substrate for this kinase. As shown in Fig. 4, both the wild-type
and myr  eNOS served as effective substrates for in vitro
phosphorylation by kinase Akt, with identical dose responses
and time courses of Akt-induced phosphorylation. The control
experiments shown in Fig. 4 established the specificity both of
the phosphoserine 1179 antibody as well as the immunopre-
cipitation of recombinant eNOS using the HA epitope tag; for
the S1179A eNOS mutant, in which the putative Akt phospho-
rylation site at serine 1179 was changed to alanine, there was
no phosphorylation whatsoever when this immunoprecipitated
mutant eNOS was incubated with purified kinase Akt.

To more fully understand the effects of eNOS targeting on
enzyme phosphorylation, we next analyzed a series of chimeric
eNOS proteins in which the transmembrane domain of the cell
surface glycoprotein CD8 was fused either to the myr~ eNOS or
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Fic. 3. Time course of S1P- and VEGF-induced serine 1179
phosphorylation in wild-type and acylation-deficient eNOS.
BAEC transfected with cDNA encoding wild-type (WT) eNOS and myr~
eNOS were treated with S1P (100 nM, upper panel) or VEGF (1 nm,
lower panel) for the indicated times. Recombinant proteins were immu-
noprecipitated with the anti-HA epitope antibody, and the immune
complexes were resolved by SDS-PAGE and analyzed in immunoblots
probed with phospho-Ser!'”?-eNOS and anti-HA epitope polyclonal an-
tibody, as noted. In parallel, cell lysates (20 pg/line) were resolved by
SDS-PAGE, transferred to nitrocellulose, and immunoblotted with
phospho-Akt and Akt antibodies. These experiments were repeated
three times with equivalent results.

to the myr /palm~ eNOS (8). We have previously used bio-
chemical approaches to explore features of the acylation and
targeting of these chimeras (8). As shown in Fig. 5, we used
here cellular imaging methodologies to further characterize the
subcellular distribution of these CD8.eNOS chimeras by first
fusing these constructs at their carboxyl termini to the green
fluorescent protein EGFP and then performing laser scanning
confocal microscopy on BAEC transfected with these plasmids.
The subcellular distribution of these various EGFP-tagged
eNOS constructs, wild-type eNOS (panel A), myr  mutant
eNOS (panel B), palm™ mutant eNOS (panel C), or the CD8
fusion constructs ligated to myr~ eNOS (panel D) or to myr~
palm™ mutant eNOS (panel E), revealed distinctive patterns
(Fig. 5). The wild-type eNOS-EGFP fusion protein targeted to
peripheral as well as intracellular membranes. By contrast, the
myr -EGFP fusion protein showed a diffuse intracellular pat-
tern, consistent with prior reports that used biochemical (7)
and imaging (28) approaches. The palmitoylation-deficient
eNOS-EGFP fusion protein had a pattern of intracellular dis-
tribution similar to the wild type, but there was less uniform
staining of the peripheral cell membrane in the palm™ mutant
enzyme compared with wild-type eNOS (Fig. 5C). The addition
of the CD8 transmembrane domain rescued the phenotype of
the myr~ and palm™ mutants, restoring membrane targeting
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FiG. 4. In vitro phosphorylation of wild-type and acylation-
deficient eNOS by kinase Akt. BAEC transfected with wild-type
(WT) eNOS, myr~ eNOS, and S1179AeNOS were lysed, and recombi-
nant eNOS was immunoprecipitated with anti-HA epitope antibody
and analyzed in a kinase activity assay as described under “Experimen-
tal Procedures.” In panel A, immunoprecipitates were incubated with
the indicated amounts of purified recombinant active Akt for 10 min,
and the reaction mixture was resolved by SDS-PAGE, transferred to
nitrocellulose membranes, and probed with phospho-Ser!!7?-eNOS an-
tibody. Equal loading of samples was confirmed by re-probing the
immunoblots with eNOS antibody. These experiments were repeated
twice with equivalent results. Panel B shows the time course for in vitro
phosphorylation of wild-type eNOS and myr~ eNOS by Akt. Wild-type
eNOS and myr~ eNOS immunoprecipitated with anti-HA epitope anti-
body from BAEC lysates were incubated with 0.25 ug of recombinant
Akt for the indicated times. Reaction mixtures were resolved by SDS-
PAGE, and eNOS phosphorylation was analyzed in immunoblots
probed with the phospho-Ser!'”-eNOS antibody. Equal loading was
confirmed by re-probing the membranes with eNOS antibody.

Fic. 5. Subcellular distribution of EGFP-labeled wild-type,
chimeric, and acylation-deficient eNOS constructs. The images
shown are representative laser scanning confocal photomicrographs of
BAEC transfected with eNOS-EGFP (A), myr eNOS-EGFP (B), palm™
eNOS-EGFP (C), CD8myr~ eNOS-EGFP (D), or CD8myr~ palm™
eNOS-EGFP (E). The images are representative of 24-100 images
analyzed in 4-10 independent experiments for each sample.

to yield a pattern similar to that of the wild-type eNOS-EGFP
protein.

Having confirmed a similar subcellular distribution for wild-
type eNOS and the CD8-eNOS chimeras, we next studied the
agonist-induced phosphorylation pattern of these constructs in
transfected BAEC. As shown in Fig. 6, the CD8. myr~ eNOS
and CD8.myr~ palm~ eNOS chimeras showed a similar pat-
tern of S1P- or VEGF-induced phosphorylation at serine 1179.
The time course of agonist-induced serine 1179 phosphoryla-
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Fic. 6. Agonist-induced serine 1179 phosphorylation of
CD8.eNOS chimeric constructs. In panel A, BAEC transfected with
¢DNA encoding wild-type eNOS, CD8.myr~ eNOS, or CD8. myr~ palm™
eNOS (as indicated) were treated for 5 min with S1P (100 nm) or VEGF
(1 nm). Recombinant proteins were immunoprecipitated with HA
epitope antibody, resolved by SDS-PAGE, and analyzed in immunoblots
(IB) probed with the phospho-Ser!'"°-eNOS antibody. Equal loading of
the samples was validated by re-probing the immunoblots with anti-HA
epitope polyclonal antibody. Shown are the results from a representa-
tive experiment that was repeated independently four times with equiv-
alent results. Panel B shows the result of the densitometric analyses
from pooled data, plotting the degree of serine 1179 phosphorylation for
wild-type (WT) eNOS and chimeric constructs after vehicle, S1P, or
VEGF treatment, as indicated. Each data point represents the mean =
S.E. derived from four independent experiments. The asterisk indicates
a difference at p < 0.05 versus basal phosphorylation.

tion was identical for these various constructs for both S1P
(Fig. 7) and VEGF (Fig. 8). For both agonists, the time course of
eNOS phosphorylation at serine 1179 coincided with the tem-
poral pattern of agonist-induced kinase Akt phosphorylation;
loading controls verified equivalent protein recovery under
these different experimental treatments (Figs. 7 and 8). The
phosphoinositide 3-kinase inhibitor wortmannin completely
blocked the phosphorylation of kinase Akt and abrogated the
serine 1179 phosphorylation of both the wild-type eNOS and
the CD8-eNOS chimeric constructs (Fig. 9).

In our final series of experiments, we explored the effects of
eNOS acylation on the phosphorylation of eNOS on serine 116,
a site that is phosphorylated in BAEC (13, 14) and for which a
phospho-specific antibody has recently been validated (14). We
transfected BAEC with a series of eNOS constructs, including
the wild-type enzyme, the acylation-deficient mutants, and the
CD8.eNOS chimeric constructs described above. The recombi-
nant proteins were immunoprecipitated using anti-HA epitope
antibody, and eNOS phosphorylation at serine 116 was ana-
lyzed by immunoblotting with an antibody specific for phospho-
rylation at this site (14). As shown in Fig. 10 and as expected
from our previous work (14), wild-type eNOS was phosphoryl-
ated at serine 116. Strikingly, the myr~ mutant showed sub-
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Fic. 7. Time course of S1P-induced serine 1179 phosphoryla-
tion of wild-type and CD8.eNOS constructs. BAEC transfected
with ¢cDNA encoding wild-type (WT) eNOS, CD8.myr  eNOS, or
CD8.myr~ palm™ eNOS were treated with 100 nm S1P for the indicated
times. Recombinant proteins were immunoprecipitated with anti-HA
epitope antibody, and the immune complexes were resolved by SDS-
PAGE and analyzed in immunoblots probed with phospho-Ser!'"*-
eNOS and HA epitope tag antibodies, as indicated. In parallel, cell
lysates (20 pg/line) were resolved by SDS-PAGE, transferred to nitro-
cellulose, and immunoblotted with phospho-Akt antibody. These exper-
iments were repeated three times with equivalent results.
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Fic. 8. Time course of VEGF-induced serine 1179 phosphoryl-
ation of wild-type and CD8.eNOS constructs. BAEC transfected
with ¢cDNA encoding wild-type (WT) eNOS, CD8.myr  eNOS, or
CD8.myr~ palm™ eNOS were treated with 1 nm VEGF for the indicated
times. Recombinant proteins were immunoprecipitated with the an-
ti-HA epitope antibody, and immune complexes were resolved by SDS-
PAGE and analyzed in immunoblots probed with phospho-Ser!'"*-
eNOS or HA tag antibodies, as indicated. In parallel, cell lysates (20
ng/line) were resolved by SDS-PAGE, transferred to nitrocellulose, and
immunoblotted with the phospho-Akt antibody. The results shown are
representative of experiments that were repeated three times with
equivalent results.

stantively enhanced phosphorylation at serine 116; as noted
above, this same mutant exhibited a marked reduction in phos-
phorylation at serine 1179 (Figs. 1-3). In contrast to the myr™
mutant, the CD8 eNOS fusion proteins showed a significant
reduction in serine 116 phosphorylation compared with the
wild-type protein (Fig. 10). Taken together, these results sug-
gest that, in direct contrast to the membrane-association re-
quirement for serine 1179 phosphorylation, the phosphoryla-
tion of eNOS on serine 116 is enhanced when the enzyme is
present in the cytosol and is attenuated when eNOS is
membrane-targeted.

DISCUSSION

This study provides several new lines of evidence that ago-
nist-induced phosphorylation of eNOS at serine 1179 by kinase
Akt is largely restricted to the membrane-targeted form of the
enzyme and importantly extends recent observations (14, 29).
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Fic. 9. Effects of wortmannin on agonist-induced serine 1179
phosphorylation of wild-type eNOS and chimeric constructs.
BAEC were transfected with wild-type eNOS, CD8.myr~ eNOS, or
CD8.myr~ palm~ eNOS, as noted. Before the addition of S1P (100 nm
for 5 min) or VEGF (1 nM for 5 min), BAEC were treated with 1 um
wortmannin or vehicle for 30 min. Recombinant proteins were immu-
noprecipitated with the anti-HA epitope antibody and resolved by SDS-
PAGE, and immunoblots (IB) were probed with phospho-Ser!'"?-eNOS
antibody. Equal loading of the samples were confirmed by re-probing
the immunoblots with anti-HA epitope antibody. In parallel, cell lysates
(20 pg/lane) from BAEC were resolved by SDS-PAGE and probed with
phospho-Akt and Akt antibodies. These results are representative of
two independent experiments.

An acylation-deficient eNOS mutant (myr~ eNOS) shows vir-
tually no basal or agonist-induced phosphorylation at serine
1179 in response to either the polypeptide growth factor VEGF
or the sphingolipid S1P (Fig. 1). By contrast, the wild-type
eNOS shows marked phosphorylation in response to VEGF,
with the effects of S1P being slightly less robust (Figs. 1-3).
The wild-type and acylation-deficient eNOS mutants serve
equally effectively as substrates for protein kinase Akt in vitro
(Fig. 4), suggesting that it is the subcellular localization of
these proteins rather the direct effects of eNOS acylation that
differentiate the wild-type and mutant proteins. We may fur-
ther conclude that membrane targeting and not acylation per se
represents that key determinant of eNOS phosphorylation at
serine 1179; ligation of the CD8 transmembrane domain to an
acylation-deficient eNOS mutant fully rescues the phenotype of
the wild-type enzyme in terms of both its subcellular localiza-
tion (Fig. 5) and serine 1179 phosphorylation (Figs. 6—8).

The palm™ eNOS mutant shows an intermediate phenotype
for agonist-induced phosphorylation at serine 1179 (Fig. 1),
consistent with our previous observations that the palm™ mu-
tant is less effectively targeted to the membrane fraction (Ref.
5; see also Fig. 5). Palmitoylation of eNOS facilitates the tar-
geting of the enzyme to plasmalemmal caveolae (30), and pro-
longed agonist treatment of endothelial cells promotes eNOS
depalmitoylation (6) and translocation of the enzyme from pe-
ripheral to internal membrane fractions (31). Our finding that
eNOS undergoes differential phosphorylation depending upon
its subcellular targeting may thus directly relate to the control
of pathways that modulate the endogenous cycle of reversible
eNOS depalmitoylation and translocation seen with agonist
treatment. The fact that the palmitoylation-deficient eNOS
shows attenuated agonist-dependent serine 1179 phosphoryla-
tion is consistent with the hypothesis that eNOS depalmitoy-
lation helps to promote deactivation of the enzyme. Interest-
ingly, the palmitoylation-deficient mutant eNOS is
indistinguishable from wild-type eNOS in its phosphorylation
at serine 116. Further study will be required to discern
whether the dynamic regulation of serine 116 phosphorylation
is altered in the palmitoylation-deficient mutant.

The level of phosphorylation of a protein at a given residue
reflects, of course, the balance of protein kinase and phospho-
protein phosphatase activities at that site. It is therefore not
clear whether the enhanced phosphorylation of membrane-
targeted eNOS at serine 1179 reflects more the inability of a
cytosolic phosphatase to dephosphorylate the phosphoenzyme,
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Fic. 10. Serine 116 phosphorylation of wild-type eNOS, acyla-
tion-deficient eNOS, and CD8.eNOS chimeras. Panel A shows a
representative immunoblot probed with the anti-phosphoserine 116
eNOS antibody, analyzed in BAEC transfected with ¢cDNA encoding
wild-type eNOS or eNOS acylation-deficient/chimeric constructs, as
shown. The recombinant proteins were immunoprecipitated with the
anti-HA epitope antibody, and immune complexes were resolved by
SDS-PAGE and analyzed in immunoblots probed, as indicated, with
antibodies against phospho-Ser!'6-eNOS or the HA epitope (as a load-
ing control). Shown are the results from a representative experiment
that was repeated three times with equivalent results. Panel B shows
the result of densitometric analyses from pooled data, plotting the
degree of serine 116 phosphorylation of wild-type eNOS, eNOS acyla-
tion-deficient mutants, and chimeric proteins, as normalized to the
total expression of recombinant protein for each construct (determined
using the antibody against the HA epitope). Each data point represents
the mean * S.E. derived from three independent experiments. The
asterisk notes p < 0.05 versus wild-type eNOS-transfected cells (anal-
ysis of variance).

the enhanced ability of a membrane-associated kinase to phos-
phorylate the enzyme, or both. The inverse may be true for
phosphorylation at serine 116, but the paucity of information
about the relevant kinase at the serine 116 site hinders further
speculation. However, kinase Akt, which has been convincingly
implicated in eNOS phosphorylation at serine 1179 (Refs. 16
and 17; see Fig. 4) is known to be principally a cytosolic enzyme
(32, 33). Kinase Akt transiently targets to the membrane to be
activated, and the activated kinase has important targets in
the cytosol and the nucleus (32—-35). Furthermore, kinase path-
ways upstream from kinase Akt are membrane-associated (36).
Robust eNOS phosphorylation could require only that a small
fraction of the total cellular Akt kinase is associated with the
plasmalemmal caveolae in which eNOS resides. Alternatively,
an active phosphoprotein phosphatase present in the cytosol
could be responsible for the weak eNOS phosphorylation on
serine 1179 that is seen with the myr™ mutant eNOS. Indeed,
the time course for the return of maximal levels of agonist-
induced serine 1179 phosphorylation down to basal levels par-
allels the time course observed in BAEC for agonist-induced
translocation from peripheral to internal membranes and back
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again (31, 37). It must be noted, however, that the fully acyla-
tion-deficient CD8.eNOS chimeras exhibit time courses and
dose responses for agonist-induced serine 1179 phosphoryla-
tion and dephosphorylation that are identical to the wild-type
enzyme (Figs. 7 and 8). The latter observations suggest that the
relevant serine 1179 kinase(s) and phosphatase(s) are fully
able to modify membrane-associated eNOS independent of its
reversible acylation.

eNOS phosphorylation at serine 116 shows striking differ-
ences from the pattern of phosphorylation at serine 1179. As
shown in Fig. 10, the myr™ mutant, which is restricted to the
cytosol and exhibits significantly attenuated serine 1179 phos-
phorylation, consistently shows markedly enhanced phospho-
rylation at serine 116. Consistent with this observation, the
CD8-eNOS fusion proteins, which are exclusively membrane-
targeted, exhibit an attenuated level of serine 116 phosphoryl-
ation compared with the wild-type enzyme (Fig. 10). We have
previously reported that the VEGF-induced dephosphorylation
of eNOS on serine 116 appears to involve a pathway mediated
by the calcium-activated phosphatase calcineurin (14), but the
protein kinase involved in phosphorylation at this site has not
been identified. Calcineurin is principally a cytosolic protein
but can rapidly associate with cell membranes by virtue of its
specific association with membrane-targeted signaling protein
complexes (38, 39). With the available data, we cannot discern
whether it is the enhanced activity of an unknown soluble
kinase, the reduced activity of a membrane-targeted phospha-
tase, or both that are responsible for the exaggerated phospho-
rylation of eNOS on serine 116 when the enzyme is present in
the cell cytosol. These observations do allow us to conclude that
the phosphorylation of eNOS on discrete sites is differentially
affected by the subcellular targeting of the enzyme and to
suggest that the inter-relationships of eNOS acylation and
phosphorylation may have important implications for regula-
tion of NO-dependent signaling pathways in the vascular wall.

Acknowledgments—We acknowledge the contributions of Drs.
Hongjie Chen and Junsuke Igarashi for many helpful suggestions in the
execution of this work.

REFERENCES

. Moncada, S., and Higgs, A. (1993) N. Engl. J. Med. 329, 2002-2012

. Loscalzo, J., and Welch, G. (1995) Prog. Cardiovasc. Dis. 38, 87-104

. Michel, T., and Feron, O. (1997) J. Clin. Invest. 100, 2146-2152

. Shaul, P. W., and Anderson, R. G. (1998) Am. J. Physiol. 275, 1.843-1851

. Robinson, L. J., and Michel, T. (1995) Proc. Natl. Acad. Sci. U. S. A. 92,
11776-11780

. Robinson, L. J., Busconi, L., and Michel, T. (1995) J. Biol. Chem. 270, 995-998

. Busconi, L. and Michel, T. (1993) JJ. Biol. Chem. 268, 8410—8413

. Prabhakar, P., Cheng, V., and Michel, T. (2000) J. Biol. Chem. 275,

Uk N

[eolE lep)

eNOS Targeting and Agonist-induced Phosphorylation

19416-19421
9. Kantor, D. B., Lanzrein, M., Stary, S. J., Sandoval, G. M., Smith, W. B.,

Sullivan, B. M., Davidson, N., and Schuman, E. M. (1996) Science 274,
1744-1748

10. Feron, O., Michel, J. B., Sase, K., and Michel, T. (1998) Biochemistry 37,
193-200

11. Ghosh, S., Gachhui, R., Crooks, C., Wu, C., Lisanti, M. P., and Stuehr, D. J.
(1998) . Biol. Chem. 273, 22267-22271

12. Michel, T., Li, G. T., and Busconi, L. (1993) Proc. Natl. Acad. Sci. U. S. A. 90,
6252—6256

13. Gallis, B., Corthals, G. L., Goodlett, D. R., Kim, H. U. F., Presnell, S. R., Figeys,
D., Harrison, D. G., Berk, B. C., Aebersold, R., and Corson, M. A. (1999)
oJ. Biol. Chem. 274, 30101-30108

14. Kou, R., Greif, D., and Michel, T. (2002) J. Biol. Chem. 277, 29669-29673

15. Harris, M. B., Venema, V. J., Liang, H., Zou, R., Michell, B. J., Chen, Z. P.,
Kemp, B. E., and Venema, R. C. (2001) J. Biol. Chem. 276, 16587-16591

16. Fulton, D., Gratton, J. P., McCabe, T. J., Fontana, J., Fujio, Y., Walsh, K.,
Franke, T. F., Papapetropoulos, A., and Sessa, W. C. (1999) Nature 399,
597-601

17. Dimmeler, S., Fleming, 1., Fisslthaler, B., Hermann, C., Busse, R., and Zeiher,
A. M. (1999) Nature 399, 601-605

18. Chen, Z. P., Mitchelhill, K. I., Michell, B. J., Stapleton, D., Rodriguez-Crespo,
1., Witters, L. A., Power, D. A, Ortiz de Montellano, P. R., and Kemp, B. E.
(1999) FEBS Lett. 43, 285-289

19. Butt, E, Bernhardt, M., Smolenski, A., Kotsonis, P., Frohlich, L. G., Sickmann,
A., Meyer, H. E., Lohmann, S. M., and Schmidt, H. H. H. W. (2000) «/. Biol.
Chem. 275, 5179-5187

20. Michell, B. J., Griffiths, J. E., Mitchelhill, K. I., Rodriguez-Crespo, I., Tiganis,
T., Bozinovski, S., de Montellano, P. R., Kemp, B. E., and Pearson, R. B.
(1999) Curr. Biol. 9, 845—-848

21. Igarashi, J., Bernier, S. G., and Michel, T. (2001) J. Biol. Chem. 276,
12420-12426

22. Montagnani, M., Chen, H., Barr, V. A., and Quon, M. J. (2001) J. Biol. Chem.
276, 30392-30398

23. Kou, R., Igarashi, J., and Michel, T. (2002) Biochemistry 41, 4982—4988

24. Hisamoto, K., Ohmichi, M., Kurachi, H., Hayakawa, J., Kanda, Y., Nishio, Y.,
Adachi, K., Tasaka, K., Miyoshi, E., Fujiwara, N., Taniguchi, N., and
Murata, Y. (2001) J. Biol. Chem. 276, 3459-3467

25. Fleming, I., Fisslthaler, B., Dimmeler, S., Kemp, B. E., and Busse, R. (2001)
Circ. Res. 88, 68-75

26. Bernier, S. G., Haldar, S., and Michel T. (2000) J. Biol. Chem. 275,
30707-30715

27. Lee, H., Goetzl, E. J., and An, S. (2000) Am. J. Physiol. Cell Physiol. 278,
612-618

28. Liu, J., Hughes, T. E., and Sessa, W. C. (1997) JJ. Cell Biol. 137, 1525-1535

29. Fulton, D., Fontana, J., Sowa, G., Gratton, J. P., Lin, M., Li, K. X., Michell, B.,
Kemp, B. E., Rodman, D., and Sessa W. C. (2002) J. Biol. Chem. 271,
4277-4284

30. Shaul, P. W., Smart, E. J., Robinson, L. J., German, Z., Yuhanna, I. S., Ying,
Y., Anderson, R. G., and Michel, T. (1996) J. Biol. Chem. 271, 6518—6522

31. Prabhakar, P., Thatte, H. S., Goetz, R. M., Cho, M. R., Golan, D. E., and
Michel, T. (1998) J. Biol. Chem. 273, 27383-27388

32. Kandel, E. S., and Hay, N. (1999) Exp. Cell Res. 253, 210-229

33. Brazil, D. P., and Hemmings, B. A. (2001) Trends Biochem. Sci. 26, 657—664

34. Meier, R., Alessi, D. R., Cron, P., Andjelkovic, M., and Hemmings, B. A. (1997)
J. Biol. Chem. 272, 30491-30497

35. Astoul, E., Watton, S., and Cantrell, D. (1999) J. Cell Biol. 145, 1511-1520

36. Vanhaesebroeck, B., and Alessi, D. R. (2000) Biochem. J. 346, 561-576

37. Goetz, R. M., Thatte, H. S., Prabhakar, P., Cho, M. R., Michel, T., and Golan,
D. E. (1999) Proc. Natl. Acad. Sci. 96, 2788-2793

38. Klauck, T. M., Faux, M. C., Labudda, K., Langeberg, L. K., Jaken, S., and
Scott, J. D. (1996) Science 271, 1589-1592

39. Sim, A. T., and Scott, J. D. (1999) Cell Calcium 26, 209-217



