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Regulation of Endothelial Nitric Oxide Synthase by Protein Kinase C
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Endothelial nitric oxide synthase (eNOS) is a key enzyme in nitric oxide-mediated
signal transduction in mammalian cells. Its catalytic activity is regulated both by reg-
ulatory proteins, such as calmodulin and caveolin, and by a variety of post-transla-
tional modifications including phosphorylation and acylation. We have previously
shown that the calmodulin-binding domain peptide is a good substrate for protein
kinase C [Matsubara, M., Titani, K., and Taniguchi, H. (1996) Biochemistry 35, 14651-
14658]. Here we report that bovine eNOS protein is phosphorylated at Thr497 in the
calmodulin-binding domain by PKC both in vitro and in vivo, and that the phosphor-
ylation negatively regulates eNOS activity. A specific antibody that recognizes only
the phosphorylated form of the enzyme was raised against a synthetic phosphopep-
tide corresponding to the phosphorylated domain. The antibody recognized eNOS
immunoprecipitated with anti-eNOS antibody from the soluble fraction of bovine
aortic endothelial cells, and the immunoreactivity increased markedly when the cells
were treated with phorbol 12-myristate 13-acetate. PKC phosphorylated eNOS specif-
ically at Thr497 with a concomitant decrease in the NOS activity. Furthermore, the
phosphorylated eNOS showed reduced affinity to calmodulin. Therefore, PKC regu-
lates eNOS activity by changing the binding of calmodulin, an eNOS activator, to the
enzyme.

Key words: calmodulin, nitric oxide synthase, phosphorylation, protein kinase C, sig-
nal transduction.

Abbreviations: NO, nitric oxide; NOS, nitric oxide synthase; nNOS, neuronal nitric oxide synthase; eNOS, endothe-
lial nitric oxide synthase; iNOS, inducible nitric oxide synthase; PKC, protein kinase C; NMT, N-myristoyl trans-
ferase; BAEC, bovine aortic endothelial cells; PMA, phorbol 12-myristate 13-acetate; RP-HPLC, reversed-phase
high performance liquid chromatography; MALDI-TOF, matrix-assisted laser desorption ionization time-of-flight.

Nitric oxide (NO) is a major messenger molecule that
plays key roles in many physiological processes (1-3). NO
is produced by nitric oxide synthase (NOS), which cata-
lyzes the conversion of L-arginine to L-citrulline and NO.
At least three isoforms of NOS have been identified and
characterized, namely, neuronal NOS (nNOS) (4, 5),
endothelial NOS (eNOS) (6) and inducible NOS (iNOS)
(7, 8). The fundamental structures of the three isoforms
are similar to each other and consist of three well-con-
served domains: a cytochrome P-450-like heme protein
domain and a cytochrome P-450 reductase-like flavopro-
tein domain, which are connected by a calmodulin-bind-
ing domain (5, 9, 10).

Since high concentrations of NO are rather toxic to
cells, its production must be tightly regulated. eNOS is
localized at specialized cell surface signal-transducing
domains termed plasmalemmal caveolae through associ-
ation with an integral-membrane protein, caveolin (11—
15). The interaction of eNOS with caveolin leads to an
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inactivation of the catalytic activity, and calmodulin
relieves the inhibition (16—18). Furthermore, eNOS
translocates from the caveolae to other cell compart-
ments upon various stimuli (3, 19, 20). Although phos-
phorylation and acylation (myristoylation and palmi-
toylation) have been implicated in the stimulation-
dependent translocation and activation, exact mecha-
nisms are not well understood. We have previously
shown that a peptide derived from the calmodulin bind-
ing domain of eNOS interacts with acidic phospholipids
(21). Furthermore, we found that the peptide is stoichio-
metrically phosphorylated by protein kinase C (PKC) and
that the phosphorylated peptide loses its ability to bind
phospholipids (21). This raises the possibility that the
binding to phospholipids and the PKC phosphorylation of
the calmodulin-binding domain of eNOS may modulate
eNOS activity and its translocation.

NOS isozymes are phosphorylated by several protein
kinases in vitro. Purified nNOS is a substrate for protein
kinase A, PKC, and calmodulin-dependent protein
kinases in vitro (22—24), but the effects of the phosphor-
ylation on the physiological function have not been
reported. It has been also demonstrated that iNOS in
macrophage cells and eNOS in endothelial cells are phos-
phorylated at tyrosine residues, and that the phosphor-
ylation seems to affect the enzymatic activities (25, 26).
Furthermore, the phosphorylation of eNOS at serine res-
idues increases upon agonist stimulation, which seems to
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be correlated with the increased activity and the translo-
cation (27). Several protein kinases have been implicated
more directly in eNOS regulation, including kinase Akt
(28-31), AMP-activated protein kinase (32, 33), cyclic
GMP-dependent protein kinase (32), and MAP kinase
(34). It has been established that eNOS is directly
phosphorylated in endothelial cells at Ser!'™ (bovine
sequence) by the Akt protein kinase resulting in about a
2-fold increase in eNOS catalytic activity (28—31). There-
fore, it is very important to identify the precise phosphor-
ylation sites as well as the mechanisms of activation in
all cases.

In the present report, we describe the phosphorylation
of eNOS by PKC in vitro and in vivo. Thr*¥ in the cal-
modulin-binding domain was identified as the major
phosphorylation site in vitro. A specific antibody that rec-
ognizes phosphothreonine 497 was raised against a syn-
thetic phosphopeptide. The antibody recognized eNOS
immunoprecipitated from bovine aortic endothelial cells
(BAEC), and the immunoreactivity increased markedly
when the cells were treated with phorbol 12-myristate
13-acetate (PMA). Treatment with a specific PKC inhibi-
tor, staurosporine, diminished the immunoreactivity.
Furthermore, phosphorylated eNOS showed decreased
binding to calmodulin with a concomitant reduction in
the catalytic activity. These findings suggest that the
phosphorylation of eNOS by PKC affects the enzyme
activity by inhibiting of the interaction between eNOS
and calmodulin.

EXPERIMENTAL PROCEDURES

Materials—2',5'-ADP Sepharose 4B, protein A Sepha-
rose 4B, y-[32P]ATP and L-[**Clarginine were purchased
from Amersham Pharmacia Biotech (Piscataway, NJ).
Calmodulin agarose, 8-aminolevulinic acid and riboflavin
were obtained from Sigma (St. Louis, MO). Tissue culture
reagents were from Life Technologies (Gaithersburg,
MD) and Nissui Pharmaceutical (Tokyo). Monoclonal
anti-eNOS antibody was purchased from Transduction
Laboratories (Lexington, KY). PKC was purified from the
cytoplasmic fractions of bovine brain as described previ-
ously (35). Calmodulin was purified from bovine brain. A
20-residue peptide corresponding to the calmodulin-bind-
ing domain of eNOS, RKKTFKEVANAVKISASLMG, was
synthesized and purified as described previously (36).
The bovine eNOS expression plasmid, Bov-eNOSpCW,
was a gift from Dr. B.S.S. Masters (the University of
Texas Health Science Center). pGroELS was kindly pro-
vided by Dr. A. Gatenby (Dupont). pBB131NMT was a
gift from Dr. J. Gordon (Washington University). All
other common chemicals were of the highest grade com-
mercially available.

Expression and Purification of Recombinant Myris-
toylated eNOS—The myristoylated eNOS protein was
expressed in E. coli and purified using a modification of
the published protocol for non-myristoylated eNOS (37).
In order to produce recombinant myristoylated eNOS in
E. coli, three proteins, eNOS, GroELS, and N-myristoyl
transferase (NMT) were coexpressed simultaneously. The
details of the method will be described elesewhere.
Expressed eNOS was purified by successive column chro-
matographies on 2', 5-ADP Sepharose and calmodulin
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agarose. The purified protein was kept frozen at —80°C
until use. Protein concentration was determined by Bio-
Rad protein assay.

Production of Site-Specific Phosphopeptide Antibody—
A phosphopeptide corresponding to residues 491-503 of
eNOS, GITRKKpTFKEVANC where pT is phosphothreo-
nine, was obtained from Research Genetics (Huntsville,
AL). The C-terminal cysteine residue was included for
coupling to keyhole limpet hemocyanin, and the coupled
phosphopeptide was used to immunize rabbits. The
obtained serum reacted only with the phosphopeptide,
whereas the reaction with the corresponding unphospho-
rylated peptide was negligible. The site-specific phos-
phopeptide antibody thus obtained (referred to as PT497)
was used for the following experiments without further
purification.

Phosphorylation of eNOS In Vitro—Phosphorylation of
eNOS (150 nM) by PKC (10 nM) was carried out in 25
mM Tris-HCI, pH 7.4, containing 10 mM MgCl,, 100 uM
CaCl,, 100 uM phosphatidylserine, 10 uM dioleoylglyc-
erol, and 250 uM y-[32P]ATP. After the indicated time of
incubation at 25°C, the reaction mixture was boiled in
SDS-PAGE sample buffer and resolved by SDS-PAGE.
The radioactivity was analyzed by autoradiography
using imaging plates (Fujix Bioimage Analyzer BAS 1000
system, Fuji Film, Tokyo). For immunoblotting, phospho-
rylated and unphosphorylated eNOS were prepared as
described above, except that the reaction was carried out
for 60 min in the presence of cold ATP. The samples were
resolved by SDS-PAGE and transferred to nitrocellulose
membranes by electroblotting, which was followed by
immunostaining with anti-eNOS antibody or PT497 anti-
body.

Mass Spectrometry Analysis of Phosphorylation Site by
PKC In Vitro—Recombinant eNOS was incubated with
PKC-phosphorylation buffer in the presence of y-[322P]ATP
as described above. After 60 min incubation, the reaction
mixture was stopped by adding trichloroacetic acid to a
final concentration of 10%, and the resulting precipitated
sample was digested with L-tosylamido-2-phenylethyl-
chloromethyl ketone—treated trypsin (Promega, Madison,
WI) in 100 mM Tris-HCl, pH 8.0, in the presence of 2 M
urea at 37°C for 4 h. After stopping the reaction by add-
ing trifluoroacetic acid to a final concentration of 0.1%,
the resulting peptide mixture was separated by reversed-
phase high performance liquid chromatography (RP-
HPLC) using a linear gradient of HyO-acetonitrile in the
presence of 0.1% trifluoroacetic acid. 32P incorporation
into peptides was monitored by liquid scintillation count-
ing. The 32P labeled peaks were analyzed on a matrix-
assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometer (Voyager™-RPF, PerSeptive Bio-
systems, Foster City, CA). MS/MS analyses of the phos-
phorylated peptide were performed with a Micromass Q-
TOF quadrupole mass analyzer (Micromass, UK) consist-
ing of a nanoflow electrospray source.

Cell Culture, Immunoprecipitation, and Immunoblot-
ting—BAEC obtained from Dainippon Pharmaceutical
(Osaka) was cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% (v/v) fetal calf serum. To
activate PKC, confluent BAEC cultures in 100-mm
dishes were treated with 100 nM PMA for 15 min. In
some experiments, the cells were exposed to 400 nM stau-
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rosporine for 15 min prior to PMA treatment. Incuba-
tions were terminated by aspirating the medium and
washing the cells twice with ice-cold phosphate-buffered
saline containing either PMA or staurosporine. For
immunoprecipitation experiments, cells were lysed in ice-
cold modified RIPA buffer (20 mM Tris-HCI, pH 7.4, 2.5
mM EDTA, 1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, 50 mM NaF, 1 mM sodium ortho-vanadate, 0.1
mM PMSF, 1 uM leupeptin, and 1 pM pepstatin together
with experiment reagents, 100 nM PMA, or 400 nM stau-
rosporine). The cell lysates were centrifuged at 15,000
rpm for 15 min to remove insoluble material. The protein
concentration of the supernatants was determined by
Bio-Rad protein assay and adjusted to 1 mg/ml. Equal
amounts of protein were precleared by incubation with
protein A Sepharose 4B for 1 h at 4°C. The cleared
lysates were incubated with anti-eNOS antibody for 2 h
at 4°C. After adding the beads, the mixture was incu-
bated for an additional 1 h. The immune complexes were
washed three times with buffer containing 50 mM Tris-
HCI, pH 8.0, 150 mM NacCl, and 0.1% Triton X-100. The
immunoprecipitated proteins were eluted from the beads
by boiling the samples in SDS-PAGE sample buffer and
then separated by SDS-PAGE (7.5% gels), followed by
transfer of the proteins to nitrocellulose membranes. The
membranes were blocked by incubation in Tris-buffered
saline (10 mM Tris-HCI, pH 7.4, 150 mM NacCl) contain-
ing 5% non-fat dry milk for 1 h, followed by 1.5 h incuba-
tion in primary anti-eNOS antibody (1:2,500) or PT497
antibody (1:1,000) diluted in the blocking buffer. The
membranes were washed extensively in Tris-buffered
saline containing 0.05% Tween 20, and then incubated
with goat anti-mouse or donkey anti-rabbit horseradish
peroxidase-conjugated secondary antibody. The mem-
branes were then washed and visualized with the ECL
Plus Western blotting detection system and an ECL
mini-camera (Amersham Pharmacia Biotech, Upsara,
Sweden).

eNOS activity—Recombinant eNOS (150 nM) was incu-
bated with PKC-phosphorylation buffer in the absence or
presence of PKC (10 nM) as described above. At the indi-
cated times (0, 10, 30, and 60 min), the progress of the
reaction was determined by measuring the conversion of
L-[Clarginine to L-[*C]citrulline. The samples were
added to a total volume of 200 pl assay buffer (50 mM
Tris-HCI, pH 7.4, 100 uM L-[*C]arginine, 0.5 mM
NADPH, 0.5 mM CaCl,, 60 nM calmodulin, and 10 uM
tetrahydrobiopterin). The concentrations of eNOS and
PKC in the assay buffer were 15 nM and 1 nM, respec-
tively. After 30 min incubation at 37°C, the reaction was
stopped by the addition of 400 pl of cold buffer (100 mM
HEPES, pH 5.5, containing 10 mM EDTA). L-[*C]citrul-
line was separated by passing the reaction mixtures
through a Dowex AG50WX-8 (Na* form, Bio-Rad) cation
exchange column and quantitated by liquid scintillation
counting. NOS activity of recombinant NOS before the
addition of PKC was expressed as 100% (control).

Interaction of eNOS protein or Peptide with Calmodu-
lin—Recombinant eNOS (150 nM) or the calmodulin-
binding domain peptide of eNOS (15 M) was phosphor-
ylated by PKC (10 nM for protein, 500 nM for peptide) for
60 min as described above. The phosphorylated or
unphosphorylated forms were mixed with calmodulin
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Fig. 1. Phosphorylation of eNOS by PKC. A: Recombinant myr-
istoylated eNOS expressed in E. coli (lane 2) was separated by 7.5%
SDS-PAGE and stained with Coomassie Brilliant Blue. Lane 1
shows molecular mass markers. B: Recombinant eNOS was incu-
bated with PKC reaction buffer for the indicated times. The reac-
tion was stopped by the addition of sample buffer, and the samples
were analyzed by SDS-PAGE on 7.5% gels followed by autoradiog-
raphy. C: The radioactivity was quantified by scintillation counting
of the excised gel.

agarose beads in 20 mM Tris-HCI, pH 7.4, containing 150
mM NaCl, 1 mM CaCl, and incubated for 30 min at room
temperature. After a short centrifugation in a tabletop
centrifuge, the supernatants and pellets were subjected
to SDS-PAGE. Tricine buffer system was used for pep-
tides and the peptides were stained with Coomassie Bril-
liant Blue (21). eNOS proteins were detected by immuno-
blotting using anti-eNOS or PT497 antibodies.

RESULTS

Phosphorylation of eNOS by PKC In Vitro—We have
previously shown that PKC phosphorylates a peptide
derived from the calmodulin-binding domain of eNOS
specifically at Thr*’ in the bovine sequence (21). To
examine whether the intact eNOS protein is phosphor-
ylated by PKC, recombinant bovine eNOS was produced
in E. coli. Since eNOS is a myristoylated protein, a coex-
pression system with yeast NMT was used to produce
myristoylated eNOS. As shown in Fig. 1A, the purified
protein preparation showed a major band on SDS-PAGE
with a molecular mass of 135 kDa, which is in good agree-
ment with the molecular mass of native or recombinant
non-myristoylated eNOS (37). Sequencing of the purified
protein indicated that the N-terminus of eNOS is
blocked, suggesting that the purified eNOS was myris-
toylated. The authenticity of the protein was further
demonstrated by the NOS activity and the immunoreac-
tivity as described below.

When the purified eNOS was incubated with PKC in
the presence of y-[32P]ATP, the incorporation of radioac-
tivity into the eNOS protein was clearly observed (Fig.
1B). As shown in Fig. 1C, the level of the eNOS phospho-
rylation by PKC increased in a time-dependent manner
and reached a plateau at around 1.5 mol phosphate/mol
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Fig. 2. Specificity of anti-PT497 in the phosphorylation of
eNOS by PKC. A: Unphosphorylated eNOS (lanel) and eNOS
phosphorylated by PKC (lane2) were separated by 7.5% SDS-PAGE,
electrophoretically transferred onto nitrocellulose membranes, and
analyzed by reaction with the anti-eNOS antibody and phosphospe-
cific antibody, PT497, as described under “EXPERIMENTAL PROCE-
DURES”. B: Recombinant eNOS was incubated with PKC reaction
buffer for the indicated times, and electrophoretically transferred
onto nitrocellulose membranes. The membranes were analyzed by
reaction with PT497.

of protein after 1 h. Therefore, eNOS is a substrate of
PKC in vitro, and seems to contain one or two major
phosphorylation sites. Whether eNOS has one or two
PKC phosphorylation sites was shown by mass spectro-
metric analysis as described in the next Section.

Identification of the PKC Phosphorylation Site on
eNOS—To examine whether Thr*’ in intact eNOS is
phosphorylated by PKC in vitro, we raised a rabbit poly-
clonal antibody (referred to as PT497) against a synthetic
phosphopeptide containing phosphothreonine 497 and
surrounding eNOS sequences as described under “EXPER-
IMENTAL PROCEDURES.” The antibody was tested by com-
paring its reactivity against the phosphorylated and
unphosphorylated forms of the immunizing peptide. The
antibody PT497 recognized only the phosphopeptide but
not the unphosphorylated peptide (data not shown). We
then examined the reactivity of eNOS phosphorylated by
PKC in vitro by Western blotting. As shown Fig. 2A, the
anti-phospho-specific antibody PT497 recognized only
phosphorylated eNOS but not unphosphorylated eNOS,
whereas the anti-eNOS antibody reacted with both
unphosphorylated and phosphorylated proteins to a sim-
ilar extent. The immunoreactivity increased in a time-
dependent manner during PKC-phosphorylation (Fig.
2B). These results suggest that Thr*¥7 is phosphorylated
by PKC not only in the synthetic peptide (21) but also in
the intact eNOS protein.

Our radioisotope experiment demonstrated that
approximately 1.5 mol of phosphate/mol of protein is
incorporated into eNOS. This suggests that a site other
than Thr*7 may be partially phosphorylated by PKC. To
identify directly the PKC phosphorylation site, the phos-
phorylated eNOS was digested with trypsin and the
resulting peptides were separated by RP-HPLC followed
by MALDI-TOF mass spectrometric analysis. When the
tryptic peptides were separated by RP-HPLC, one major
radioactive peak was obtained (data not shown). We then
analyzed the predominant tryptic peptide mass. As
shown in Fig. 3A, the peptide mass included a peak at
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Fig. 3. Identification of the in vitro phosphorylation site at
Thr497 on eNOS. A: 32P-labeled eNOS was digested with trypsin.
The peptides were separated by RP-HPLC as described under
“EXPERIMENTAL PROCEDURES.” One main peak was analyzed by
MALDI-TOF mass spectrometry. The peptide mass included a peak
at 1,443.5 Da. This mass is almost identical to the calculated molec-
ular mass of 1,443.6 Da, which corresponds to the mono-phosphor-
ylated form of KKTFKEVANAVK. B, Tandem mass spectra of the
phosphorylated peptide allowed the identification of the site of
phosphorylation. The doubly-charged ion of the phosphorylated
peptide (m/z 723) was subjected to collision-induced dissociation in
the Q-TOF mass analyzer. Fragment ions observed are indicated
above and below the peptide sequence. C, Effects of calmodulin on
the phosphorylation of eNOS by PKC. eNOS (0.15 uM) was phos-
phorylated by PKC in the absence or presence of calmodulin (2 M
Yfor 45 min. The reaction was stopped by the addition of sample
buffer, and samples were analyzed by SDS-PAGE on a 7.5% gel fol-
lowed by autoradiography.

1,443.5 Da. This mass is identical to the calculated
molecular mass of 1,443.6 Da, which corresponds to the
mono-phosphorylated form of KKTFKEVANAVK. The
tandem mass spectra of the tryptic peptide clearly
showed that The*7 is the phosphorylation site for PKC
(Fig. 3B). Furthermore, the addition of calmodulin to the
PKC-phosphorylation reaction buffer for eNOS markedly
reduced the phosphorylation of eNOS by PKC (Fig. 3C),
suggesting that the binding of calmodulin to the calmod-
ulin-binding domain interferes with the PKC accessibil-
ity to Thr*7 on eNOS. Although it is difficult to interpret
the incorporation of 1.5 mol phosphate/mole of eNOS
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Fig. 4. Phosphorylation of Thr497 of eNOS in BAECs. BAECs
were stimulated by PMA (lane 1), PMA+staurosporine (lane 2) or
received no stimulation (lane 3), and the cell lysates were immuno-
precipitated with anti-NOS antibody. The immunoprecipitants were
immunoblotted with the PT497 antibody, which recognizes only the
phosphorylated eNOS as described under “EXPERIMENTAL PROCE-
DURES.”

obtained by radioisotope experiment, these data show
that the primary PKC phosphorylation site on eNOS is
Thr47,

Phosphorylation of Thr*¥” of eNOS in Cells—To exam-
ine whether eNOS is phosphorylated by PKC in vivo, we
studied the phosphorylation of eNOS in BAEC. The cell
lysate was immunoprecipitated with anti-NOS antibody,
and the immunoprecipitant was immunoblotted with the
PT497 antibody, which recognizes only phosphorylated
eNOS. Weak staining was observed with eNOS immuno-
precipitated from the control cells (Fig. 4), suggesting
that the eNOS protein is phosphorylated to some extent
at Thr*” under basal conditions. When the cells were
treated with PMA, a potent PKC activator, the immuno-
reactivity of the immunoprecipitated eNOS increased
significantly. In contrast, treatment of the cells with a
PKC-specific inhibitor, staurosporine, suppressed the
reactivity almost completely. These results suggest that
Thr*7 on eNOS is phosphorylated by PKC even under
basal conditions, and that the activation of PKC leads to
the increased phosphorylation of eNOS by PKC. Recently,
the same results have been shown by Michell and cow-
orkers (38). Also, they demonstrated that PMA treatment
reduces eNOS activity in BAEC (38). The weak phospho-
rylation of eNOS at Thr*¥7 observed with eNOS obtained
from the control cells may be in accordance with the
recent phosphoamino acid analysis, which showed that
eNOS is mostly phosphorylated at serine residues, but
that threonine and tyrosine are also phosphorylated
weakly in non-stimulated cells (39).

Effects of Phosphorylation on the Catalytic Activity of
eNOS—To gain insight into the function of eNOS phos-
phorylation by PKC, we next examined the effects of
phosphorylation on the catalytic activity of eNOS.
Recombinant eNOS was preincubated with or without
PKC, and assayed for the NOS activity. Even in the
absence of PKC, the catalytic activity of eNOS decreased
gradually to 70% after 60 min of incubation (Fig. 5),
reflecting the intrinsic instability of the protein. How-
ever, the catalytic activity of eNOS decreased markedly
when preincubated with PKC. After 60 min, when eNOS
was almost stoichiometrically phosphorylated by PKC
under the conditions used, the NOS activity decreased to
20% of the initial value. Since the concentrations of
eNOS, PKC and calmodulin were 15, 1 and 60 nM,
respectively, in the assay buffer, the competitive inhibi-
tion of PKC for calmodulin-binding domain should be
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Fig. 5. Effects of phosphorylation on eNOS activity. Recom-
binant eNOS (150 nM) was preincubated with or without PKC (10
nM), and assayed for NOS activity as described under “EXPERIMEN-
TAL PROCEDURES”. At the indicated times (0, 10, 30, 60 min), the
reaction progress was determined by measuring the conversion of L-
[*Clarginine to L-[*C]citrulline. The NOS activity of recombinant
NOS before the addition of PKC was expressed as 100%. In the
assay buffer, the concentrations of eNOS, PKC, and calmodulin
were 15, 1, and 60 nM. The changes in the activity of unphosphor-
ylated eNOS and phosphorylated eNOS are shown by closed rectan-
gles and closed circles, respectively.

negligible. Furthermore, when recombinant eNOS was
preincubated with PKC in the absence of ATP, the cata-
lytic activity of eNOS was the same as that of eNOS pre-
incubated without PKC. Therefore, the inhibition of the
catalytic activity is due to phosphorylation by PKC, not
competitive inhibition of PKC for the calmodulin-binding
site. These results suggest that the phosphorylation of
eNOS in the calmodulin-binding domain (Thr%") by PKC
negatively regulates the eNOS catalytic activity.

Effects of Phosphorylation on the Interaction with Cal-
modulin—Since the major phosphorylation site, Thr*%7, is
located in the calmodulin-binding domain of eNOS, it is
possible that the decrease in the activity results from the
reduced affinity of the phosphorylated enzyme for cal-
modulin. We have previously shown that the PKC phos-
phorylation affects the binding of the calmodulin-binding
domain in eNOS to acidic phospholipids (21). To test this
possibility, we examined the effects of PKC phosphoryla-
tion on the calmodulin-binding ability of the eNOS pep-
tide and protein. The calmodulin-binding domain peptide
of eNOS was preincubated with or without PKC for 60
min, and the samples were incubated with calmodulin
agarose beads followed by centrifugation. As shown in
Fig. 6A, the control eNOS peptide co-sedimented with the
calmodulin agarose beads, whereas the phosphorylated
eNOS peptide was detected only in the supernatant.
Interestingly, the mobility of the phosphorylated peptide
in the gel decreased slightly, and it was possible to distin-
guish the phosphorylated from the unphosphorylated
peptide. The phosphopeptide was found only in the
unbound fraction, while the unphosphorylated peptide
was found only in the bound fraction (Fig. 6A). Therefore,
there is a clear correlation between the phosphorylation
of the calmodulin-binding domain and the binding to cal-
modulin. Similar results were obtained for the binding of
the intact eNOS protein to calmodulin. As shown in Fig.
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Fig. 6. Effects of phosphorylation on the binding of eNOS to
calmodulin. Recombinant eNOS (150 nM) and the calmodulin-
binding peptide of eNOS (15 uM were phosphorylated by PKC (10
nM for protein, 500 nM for peptide) for 60 min. The phosphorylated
or unphosphorylated forms were mixed with calmodulin agarose
beads in 20 mM Tris-HCI, pH 7.4, containing 150 mM NaCl, 1 mM
CaCl,, and incubated 30 min at room temperature. After a short
centrifugation on a tabletop centrifuge, the supernatants and pel-
lets were subjected to SDS-PAGE. A: The unphosphorylated (lanes
1 and 2) or phosphorylated (lanes 3 and 4) peptides were mixed with
calmodulin agarose beads, and then the supernatant (lanes 1 and
3), and pellet (lanes 2 and 4) fractions were resolved in a Tricine gel
system and the peptides were stained with Coomassie Brilliant
Blue. B: The unphosphorylated (lanes 1 and 2) or phosphorylated
(lanes 3 and 4) eNOS proteins were also mixed with calmodulin
agarose beads, and the supernatant (lanes 1 and 3) and pellet (lanes
2 and 4) fractions were analyzed by immunoblotting with anti-
eNOS (upper panel) or PT497 antibody (lower panel).

6B, the unphosphorylated eNOS bound calmodulin-agar-
ose beads. When eNOS was first incubated with PKC and
ATP, and then mixed with the calmodulin-beads, the pro-
tein was found in both the unbound and bound fractions
(Fig. 6B). Immunoblotting of the same gel with the PT497
antibody clearly showed the eNOS phosphorylated at
Thr*” to be present only in the unbound fraction,
whereas the eNOS protein associated with calmodulin
was not phosphorylated at Thr*’. In our experiments,
PKC did not disturb the binding of eNOS to calmodulin-
beads for the same reason as described above (the con-
centration of PKC was much lower than those of eNOS
and calmodulin). These results clearly demonstrate that
the phosphorylation of a single amino acid (Thr*?") can
regulate the affinity of the calmodulin-binding domain of
eNOS to calmodulin, and that the dissociation of calmod-
ulin leads to the inactivation of eNOS.

DISCUSSION

The importance of NO as one of the major physiological
signal mediators has been well established. However,
because of its high reactivity with important cellular
components including proteins and nucleic acids, the pro-
duction of NO must be tightly regulated. The regulatory
mechanisms of NOS, therefore, have been the focus of
intensive studies. As for the endothelial NOS isozyme,
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several types of protein phosphorylation have been sug-
gested to play such a role. It is well established that the
phosphorylation of eNOS at serine residues increases
when endothelial cells are stimulated by receptor-
dependent and independent agonists including shear
stress (27). The phosphorylation is assumed to be associ-
ated with the agonist-induced translocation of eNOS
from the membrane to the cytosol. Recently, specific sites
of phosphorylation in eNOS and specific protein kinases
that mediate the phosphorylation have been identified.
Several laboratories have shown that serine/threonine
kinase Akt can phosphorylate eNOS at Ser!!” and acti-
vate the enzyme, leading to NO production (28-31).

In this report, we present several lines of evidence that
suggest the direct involvement of PKC in the regulation
of eNOS activity. Our results clearly show that the phos-
phorylation of eNOS at Thr*7 by PKC abolishes the cal-
modulin-binding ability of the domain, which results in
the inactivation of eNOS. This suggests that the PKC-
dependent phosphorylation of eNOS may play an impor-
tant role in the negative regulation of eNOS. In fact, the
involvement of a PKC-dependent pathway in eNOS regu-
lation has been suggested in several cells and tissues.
Many groups have reported that the treatment of
endothelial cells with PMA diminishes NO production
(38, 40—42) and there is one report that the increased
PKC activity leads to decreased NO production in
glomeruli isolated from diabetic rats (43). In our hands,
eNOS was found to be phosphorylated in its calmodulin-
binding domain not only in PMA-treated endothelial
cells, but also in control BAEC cells. The fact that the
addition of the specific PKC inhibitor staurosporine com-
pletely abolished the phosphorylation suggests that the
basal level phosphorylation is also catalyzed by PKC.
Phosphoamino acid analysis of eNOS in endothelial cells
revealed that eNOS is phosphorylated mainly at serine
residues, but also at threonine residues (44). It is conceiv-
able that at least some of the latter is at Thr*?" in the cal-
modulin-binding domain. All in all, these results indicate
that the phosphorylation of eNOS by PKC is physiologi-
cally relevant.

We have previously shown that the calmodulin-binding
domain of eNOS is directly involved in the interaction of
eNOS with acidic membrane phospholipids and that
phosphorylation of the domain by PKC decreases its
affinity for phospholipids (21). The same domain, there-
fore, is involved in complex regulation and the interac-
tion of eNOS with other signal transduction pathways.
These characteristics are shared by other proteins such
as MARCKS and GAP-43, major in vivo PKC substrates
(45, 46). In these proteins, the calmodulin-binding
domains are, at the same time, the domains phosphor-
ylated by PKC. The phosphorylation of the domains by
PKC significantly reduces their ability to bind to mem-
brane phospholipids and/or calmodulin (45, 46). Reversi-
ble translocation between the membrane and cytosol in
response to PKC-dependent phosphorylation and cal-
modulin-binding plays important roles in the regulation
and function of these proteins. Similar mechanisms have
also been suggested for other proteins including adducin
and AKAP79 (47, 48). Now, we can add eNOS to the col-
lection of PKC substrate proteins whose functions and
membrane-targeting are regulated by both PKC-depend-
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ent phosphorylation and calmodulin-binding. Since PKC,
calmodulin and phospholipids bind to the same domain,
and since the bindings are mutually competitive, these
domains of basic amphiphilic nature may be one of the
important crosstalk points between various signal trans-
duction pathways.

Since the other two NOS isozymes share the overall
structural characteristics of eNOS, it is of interest to
examine whether the same regulatory mechanism is
operative with these isozymes. We have already shown
that the calmodulin-binding domains of nNOS and iNOS
have the ability to bind to acidic phospholipids (21). Fur-
thermore, the binding of acidic phospholipids to the
domain results in the inhibition of nNOS activity. As for
the phosphorylation by PKC, there are several reports
demonstrating the in vitro phosphorylation of nNOS by
PKC (22, 23). Furthermore, the phosphorylation by PKC
is accompanied by reduced NO production (22). However,
although the calmodulin-binding domain of nNOS con-
tains one potential PKC phosphorylation site (a serine
residue), a synthetic peptide derived from the calmodu-
lin-binding domain of nNOS was not phosphorylated by
PKC to a significant extent (data not shown). The lack of
PKC-dependent phosphorylation of nNOS in cerebellar
slices has also been reported (49). Taken together, nNOS
may be not a substrate of PKC in vivo and other regula-
tory mechanisms may be operative in the regulation of
nNOS activity. Since iNOS lacks any potential phosphor-
ylation sites in its calmodulin-binding domain, the regu-
lation of NOS activity by PKC phosphorylation in the cal-
modulin-binding domain seems to be specific to eNOS.

Recently, other groups have shown that bradykinin
activates eNOS in endothelial cells by triggering dephos-
phorylation at Thr*’, and PKC signaling causes eNOS
phosphorylation at Thr*?” as well as promoting dephos-
phorylation of Ser!!’? (38, 50). Thus, phosphorylation and
dephosphorylation reactions at Thr*®” may be tightly reg-
ulated by multiple protein kinases and phosphatases.

Finally, protein phosphorylation is not the only regula-
tory mechanism of eNOS. It has been suggested that
NOS functions are also regulated by several signaling
proteins. Recent publications demonstrate that eNOS is
localized in caveolae of endothelial cells through associa-
tion with an integral membrane protein called caveolin
(11-15). The direct binding of caveolin to eNOS has
inhibitory effects on the eNOS activity, but the inhibition
can be relieved by calmodulin (16-18). It is of interest to
note in this context that the specific localization of PKC
to caveolae and the involvement of PKC in the regulation
of caveolae functions have been demonstrated very
recently (51, 52). PKC interacts directly with caveolin
and the activity of PKC is also regulated by the interac-
tion with the caveolin scaffolding domain as in the case of
eNOS (53). A close physical location between PKC and
eNOS in caveolae, therefore, may be significant for facili-
tating the phosphorylation reaction of eNOS by PKC.
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