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Abstract
Endothelial nitric oxide synthase (eNOS) is the nitric oxide synthase isoform responsible for
maintaining systemic blood pressure, vascular remodelling and angiogenesis1-4. eNOS is
phosphorylated in response to various forms of cellular stimulation5-7, but the role of
phosphorylation in the regulation of nitric oxide (NO) production and the kinase(s) responsible are
not known. Here we show that the serine/threonine protein kinase Akt (protein kinase B) can
directly phosphorylate eNOS on serine 1179 and activate the enzyme, leading to NO production,
whereas mutant eNOS (S1179A) is resistant to phosphorylation and activation by Akt. Moreover,
using adenovirus-mediated gene transfer, activated Akt increases basal NO release from
endothelial cells, and activation-deficient Akt attenuates NO production stimulated by vascular
endothelial growth factor. Thus, eNOS is a newly described Akt substrate linking signal
transduction by Akt to the release of the gaseous second messenger NO.

The Akt proto-oncogene is an important regulator of various cellular processes including
glucose metabolism and cell survival8,9. Activation of receptor tyrosine kinases and G-
protein-coupled receptors, and stimulation of cells by mechanical forces, can lead to the
phosphorylation and activation of Akt10-12. Akt can then phosphorylate substrates such as
glycogen synthase kinase-3, Bad and caspase-9, resulting in protein inactivation, or 6-
phosphofructo-2-kinase, resulting in protein activation10,13. The relationships between
activation of Akt, its downstream effectors and the production of soluble second messengers
are not well understood.

eNOS is the nitric oxide synthase (NOS) isoform that produces endothelium-derived NO.
Treatment of endothelial cells with vascular endothelial growth factor (VEGF) or insulin
stimulates the production of NO by a phosphatidylinositol-3-OH-kinase (PI(3)K)-dependent
mechanism14,15. Wortmannin and LY294002, two structurally dissimilar inhibitors of
PI(3)K, partially block NO release. VEGF also stimulates the Ras pathway; inhibition of Ras
signalling blocks extracellular-signal-related-kinase (ERK)-1/2 activation, but not VEGF-
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stimulated NO production, indicating that there may be a link between growth factor
signalling through PI(3)K and eNOS16.

To investigate whether Akt, a downstream effector of PI(3)K, could directly influence the
production of NO, COS-7 cells (which do not express NOS) were co-transfected with eNOS
and wild-type Akt (HA–Akt) or kinase-inactive Akt (HA–Akt K179M), and the
accumulation of nitrite ( ) was measured by NO-specific chemiluminescence.
Transfection of eNOS results in increased  accumulation, which is markedly enhanced
by co-transfection of wild-type Akt, but not the kinase-inactive variant (Fig. 1a). Identical
results were obtained using cyclic GMP (cGMP) as a bioassay for biologically active NO.
Transfection of a constitutively active form of Akt (myr-Akt) increases cGMP accumulation
(assayed in COS cells) from 5.5 ± 0.8 to 11.6 ± 0.9 pmol cGMP per mg protein (in cells
transfected with eNOS alone or eNOS with myr-Akt, respectively) whereas the kinase-
inactive Akt did not influence cGMP accumulation (5.8 ± 0.8 pmol cGMP, n = 4
experiments). Under these experimental conditions, Akt was catalytically active, as
determined by western blotting with a phospho-Akt-specific antibody (which recognizes
serine 473; data not shown) and Akt activity assays (see Fig. 2a). Equal levels of eNOS and
Akt were expressed in COS cell lysates (Fig. 1), indicating that Akt modulates eNOS,
thereby increasing NO production under basal conditions.

eNOS is a dually acylated peripheral membrane protein that targets into the Golgi region
and plasma membrane of endothelial cells17-19; compartmentalization is required for
efficient production of NO in response to agonist challenge20-22. To test whether eNOS
activation by Akt requires membrane compartmentalization, we cotransfected COS-7 cells
with complementary DNAs for Akt and a myristoylation, palmitoylation-defective mutant of
eNOS (G2A eNOS); we then quantified the release of NO. Akt did not activate the non-
acylated form of eNOS (Fig. 1b), indicating that compartmentalization of both proteins to
the membrane is required for their functional interaction10. Next, we tested whether Akt
could activate two structurally similar but distinct soluble NOS isoforms, neuronal NOS and
inducible NOS (nNOS and iNOS, respectively). Cotransfection of Akt with nNOS and iNOS
did not result in a further increase in NO release, demonstrating the specificity of Akt for
eNOS. However, the addition of an N-myristoylation site to nNOS, to enhance its
interactions with biological membranes, results in Akt stimulation of nNOS in a manner
analogous to that seen with eNOS, indicating that both isoforms may be susceptible to
activation by Akt when anchored to the membrane.

The above data indicate that Akt, perhaps by phosphorylation of eNOS, can modulate NO
release from intact cells. Indeed, two putative Akt phosphorylation motifs (RXRXXS/T) are
present in eNOS (serines 635 and 1179 in bovine eNOS; serines 633 and 1177 in human
eNOS) and one motif is present in nNOS (serines 1412 in rat and 1415 in human nNOS),
with no obvious motifs found in iNOS. To test whether eNOS is a potential substrate for Akt
phosphorylation in vitro, we transfected COS cells with HA–Akt or HA–Akt (K179M), and
assessed kinase activity using recombinant eNOS as a substrate. The active kinase
phosphorylates histone 2B and eNOS (Fig. 2a; 69.3 ± 2.9 and 115.4 ± 3.8 pmol of ATP per
nmol substrate, respectively; n = 3), whereas the inactive Akt did not significantly increase
histone or eNOS phosphorylation. To investigate whether the putative Akt phosphorylation
sites in eNOS were responsible for the incorporation of 32P, the two serines were mutated to
alanine residues and the ability of Akt to stimulate wildtype and mutant eNOS
phosphorylation was examined in intact COS cells. We labelled transfected cells with 32P-
orthophosphate and partially purified eNOS by ADP-sepharose affinity chromatography,
and quantified the phosphorylation state and protein levels. Co-expression of Akt results in a
twofold enhancement in the phosphorylation of eNOS relative to non-stimulated cells (Fig.
2b). Pretreatment of eNOS/Akt-transfected cells with wortmannin abolished the Akt-
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induced increase in phosphorylation. Moreover, mutation of serines 635 and 1179 to alanine
residues abolished Aktdependent phosphorylation of eNOS, indicating that these residues
could serve as potential phosphorylation sites in intact cells. To directly identify the residues
phosphorylated by Akt, we incubated wild-type eNOS with immunopurified Akt and
determined the sites of phosphorylation by high-performance liquid chromatography
followed by matrix-assisted laser desorption ionization mass spectrometry (MALDi-MS).
The primary 32P-labelled tryptic phos-phopeptide co-elutes with a synthetic phosphopeptide
(amino acids 1177–1185 with phosphoserine at position 1179) and has the identical mass ion
as determined by linear mode MS (Fig. 2c). Using reflectron mode MALDi-MS monitoring,
both the labelled tryptic peptide and the standard phosphopeptide demonstrated a loss of
H3PO4, indicating that the tryptic peptide was phosphorylated. In addition, mutation of Ser
1179 to alanine markedly reduces Akt-dependent phosphorylation of eNOS compared with
the wild-type protein (Fig. 2d). Identical results were obtained using peptides (amino acids
1174–1194) derived from wild-type or eNOS S1179A as substrates for recombinant Akt (the
wild-type peptide incorporated 24.6 ± 3.7 nmol phosphate per mg compared to the alanine
mutant peptide, which incorporated 0.22 ± 0.02 nmol phosphate per mg; n = 5). These data
show that eNOS is a substrate for Akt and that the primary site of phosphorylation is serine
1179.

Next we examined the functional significance of the putative Akt phosphorylation site at Ser
635 and the identified site at Ser 1179. Transfection of COS cells with the double mutant
eNOS S635/1179A abolishes Akt-dependent NO release. Mutation of Ser 635 to alanine did
not attenuate NO release, whereas eNOS S1179A abolishes Akt-dependent activation of
eNOS (Fig. 3). These results indicate that Ser 1179 is functionally important for NO release.
Mutation of Ser 1179 into aspartic acid (eNOS S1179D), to substitute for the negative
charge afforded by the addition of phosphate, partially mimics the activation state induced
by Akt. All site-directed mutants were amply expressed (see inset western blots) and
retained NOS catalytic activity in cell lysates (in COS cells transfected with eNOS only,
NOS activity was 85.3 ± 27.0, 71.9 ± 2.9, 80.8 ± 23.2 and 131.8 ± 36.7 pmol L-citrulline
generated per mg protein from lysates of COS cells expressing wild-type, S1179A,
S635/1179A and S1179D eNOS, respectively; n = 3 experiments).

To test whether Akt mediates NO release from endothelial cells, we infected bovine lung
microvascular endothelial cells (BLMVEC) with adenoviruses expressing activated Akt
(myr-Akt), activation-deficient Akt (AA-Akt) or β-galactosidase (as a control), and
measured the accumulation of NO. Myr-Akt stimulates the basal production of NO from
BLMVEC, whereas cells infected with β-galactosidase or activation-deficient Akt released
small amounts of NO that were close to the limits of detection (Fig. 4a). These results, in
conjunction with the results in COS cells, indicate that phosphorylation of eNOS by Akt is
sufficient to regulate NO production at resting levels of calcium. Indeed, NOS activity
measured in lysates from myr-Akt-infected BLMVEC demonstrates that the sensitivity of
the enzyme to activation by calcium, assayed at a fixed calmodulin concentration, is
enhanced relative to NOS activity seen in BLMVEC infected with the β-galactosidase virus
(Fig. 4b). The calcium sensitivity of NOS activity in cells infected with activation-deficient
Akt was greatly suppressed relative to both myr-Akt and β-galactosidase-infected cells.

As mentioned above, treatment of endothelial cells with VEGF activates Akt23 and the
release of NO through a mechanism partially blocked by inhibitors of PI(3)K15. Indeed,
treatment of quiescent endothelial cells with VEGF induces Akt and eNOS phosphorylation
(approximately twofold) concomitant with NO release (see Supplementary Information). To
examine the functional link between VEGF as an agonist for NO release and Akt activation,
BLMVEC were infected with adenoviruses for myr-Akt, AA-Akt or β-galactosidase, and
VEGF-stimulated NO release was quantified. Infection of endothelial cells with myr-Akt
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enhances VEGF-driven NO production, whereas AA-Akt attenuates NO release (Fig. 4c).
These results indicate that Akt may participate in the signal transduction events required for
both basal and stimulated NO production in endothelial cells.

Our data show that Akt can phosphorylate eNOS on Ser 1179 and that phosphorylation
enhances the ability of the enzyme to generate NO. Our results indicate that stimuli that
promote NO release through a PI(3)K-dependent mechanism, independent of elevations in
intracellular calcium (insulin and shear stress14,24,25), will stimulate Akt, thus permitting the
phosphorylation and activation of eNOS at resting levels of calcium (Figs 1, 4). This can
occur contemporaneously with the recruitment of the NOS regulatory protein Hsp9026,
perhaps by stabilizing calmodulin previously bound to eNOS, thus resulting in NO release.
In the case of G-protein-coupled receptors or receptor tyrosine kinases that mobilize
intracellular calcium, we propose that agonist-dependent stimulation of PI(3)K11 and/or
activation of calmodulin-dependent protein kinase kinase (CaMKK)27 will activate Akt to
phosphorylate eNOS concomitantly with the increase in cytoplasmic calcium. The calcium-
dependent activation of calmodulin will stimulate CaMKK and the recruitment of
calmodulin and perhaps Hsp90 to eNOS, facilitating rapid eNOS activation and the burst-
like release of NO. How phosphorylation of eNOS by Akt enhances NO release is not
known, but it is likely to be related to changes in the sensitivity of the enzyme to calcium-
activated calmodulin. This may occur by the introduction of a negative charge, either by
phosphate or aspartate, thereby ‘opening up’ the structure (perhaps by removing the auto-
inhibitory loop of eNOS28) and thus permitting activated calmodulin binding at lower
calcium concentrations. Thus, regulation of NO production by Akt-dependent
phosphorylation of eNOS may provide a novel therapeutic target for the design of drugs
aimed at improving endothelial function in cardiovascular diseases associated with
dysfunction in the synthesis or biological activity of NO, such as hypertension,
atherosclerosis, heart failure and diabetes.

Methods
Cell transfections

The bovine eNOS, human iNOS and rat nNOS cDNAs in pcDNA3 and HA-tagged wild-
type Akt, Akt (K179M) and myr-Akt in pCMV6 were generated by standard cloning
methods. The myr-nNOS in pcDNA3 was generated by PCR, incorporating a new amino
terminus containing the eNOS N-myristoylation consensus site (MGNLKSVG) fused in
frame to the second amino acid of the nNOS coding sequence. In preliminary experiments in
COS cells, this construct was N-myristoylated based on incorporation of 3H-myristic acid
(unlike native nNOS) and resulted in approximately 60% of the total protein being targeted
into the membrane fraction of cells (only 5–10% of nNOS was membrane associated in COS
cells). The putative Akt phosphorylation sites in eNOS were mutated using the Quick
Change site-directed mutagenesis kit (Stratagene) according to the manufacturers
instructions. All mutants were verified by DNA sequencing. We plated COS-7 cells (100
mm dish) and transfected them with the NOS (7.5–30 μg) and Akt (1 μg) plasmids using
calcium phosphate. To balance all transfections, the expression vector for β-galactosidase
cDNA was used. 24–48 h after transfection, the expression of appropriate proteins (40–80
μg) were confirmed by western blot analysis using eNOS mAb (9D10, Zymed), HA mAb
(12CA5, Boehringer Mannheim), iNOS pAb (Zymed Laboratories) or nNOS mAb (Zymed
Laboratories).

NO release from transfected COS cells
24-48 h after transfection, media were processed for the measurement of nitrite ( ), the
stable breakdown product of NO in aqueous solution, by NO-specific chemiluminescence as

Fulton et al. Page 4

Nature. Author manuscript; available in PMC 2013 April 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



described20. Media were deproteinized and samples containing  were refluxed in glacial
acetic acid containing sodium iodide. Under these conditions,  was quantitatively
reduced to NO which was quantified by a chemiluminescence detector after reaction with
ozone in a NO analyser (Sievers). In all experiments,  release was inhibitable by a NOS
inhibitor. In addition,  release from cells transfected with the β-galactosidase cDNA
was subtracted to control for background levels of  found in serum or media. In some
experiments, we used cGMP accumulation in COS cells as a bioassay for the production of
NO as described.

NOS activity assays
We used the conversion of 3H-L-arginine to 3H-L-citrulline to determine NOS activity in
COS cell or endothelial cell lysates as described26.

Phosphorylation studies in vivo and In vitro
For in vivo phosphorylation studies, COS cells were transfected with the cDNAs for wild-
type or S635/1179A eNOS and HA-Akt overnight. 36 h after transfection, we placed cells
into dialysed serum-replete, phosphate-free Dulbecco’s minimum essential medium
supplemented with 80 μCi per ml of 32P orthophosphoric acid for 3 h. Some cells were
pretreated with wortmannin (500 nM) in the phosphate-free medium for 1 h and during the
labelling. The lysates were collected and the eNOS was solubilized and partially purified by
ADP Sepharose-affinity chromatography as previously described. 32P incorporation into
eNOS was visualized after SDS–PAGE (7.5%) by autoradiography, and the amount of
eNOS protein was verified by western blotting for eNOS. For in vitro phosphorylation
studies, we incubated recombinant eNOS purified from Escherichia Coli with wild-type or
kinase-inactive Akt immunoprecipitated from transfected COS cells. eNOS was incubated
with 32P γ-ATP (2 μl, specific activity 3000Ci per mmol), ATP (50 μM) and DTT (1 mM),
in a buffer containing HEPES (20 mM, pH = 7.4), MnCl2 (10 mM), MgCl2 (10 mM) and
immunoprecipitated Akt for 20 min at room temperature. In experiments examining the in
vitro phosphorylation of wild-type and mutant eNOS we incubated recombinant Akt (1 μg)
purified from baculovirus-infected SF9 cells with wild-type or S1179A eNOS (2.4 μg,
purified from E. coli) using essentially the same conditions as above. Proteins were resolved
by SDS–PAGE and 32P incorporation and the amount of protein was determined by
Coomassie staining as above. In studies identifying the labelled eNOS peptide, we incubated
immunoprecipitated Akt with recombinant eNOS as above. The sample was run on SDS-
PAGE and the eNOS band digested in gel, and the resultant tryptic fragments were purified
by RP-HPLC. Peptide mass and 32P incorporation were monitored and the prominent
labelled peak was further analysed by mass spectrometry. In other experiments, peptides
corresponding to the potential Akt phosphorylation site were synthesized, purified by HPLC
and verified by mass spectrometry (W. M. Keck Biotechnology Resource Center, Yale
University School of Medicine). The wild-type peptide
was 1174RIRTQSFSLQERHLRGAVPWA1194 and the mutant peptide was identical except
that Ser 1179 was changed to alanine. In vitro kinase reactions were done essentially as
described above by incubating peptides (25 μg) with recombinant Akt (1 μg). Reactions
were then spotted onto phosphocellulose filters and the amount of phosphate incorporated
was measured by Cerenkov counting.

Adenoviral infections and NO release in endothelial cells
We cultured BLMVEC in either 100 mm dishes (for basal NO release and NOS activity
assays) or C6 well plates (for stimulated NO) as described18. BLMVEC were infected with
200 MOI of adenovirus containing the β-galactosidase29, HA-tagged, inactive
phosphorylation mutant Akt (AA-Akt30) or carboxy-terminal HA-tagged constitutively
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active Akt (myr-Akt) for 4 h. The virus was removed and cells left to recover for 18 h in
complete medium. In preliminary experiments with the β-galactosidase virus, these
conditions were optimal for infecting 100% of the cultures. For measurement of basal NO
production, medium was collected 24 h after the initial infection with virus. For
measurement of stimulated NO release, cells were then washed with serum-free medium
followed by stimulation with VEGF (40 ng ml−1) for 30 min. In some experiments, we
determined the calcium dependency of NOS 24 h after adenoviral infection. Infected cells
were lysed in NOS assay buffer containing 1% NP40, and detergent soluble material was
used for activity assays. Lysates were incubated with EGTA-buffered calcium to yield
appropriate amounts of free calcium in the incubation.

Statistics
Data are expressed as mean ± s.e.m. Comparisons were made using a two-tailed Student’s t-
test or ANOVA with a post-hoc test where appropriate. Differences were considered to be
significant at P < 0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Wild-type Akt, but not kinase-inactive Akt, increases NO release from cells expressing
membrane-associated eNOS. a, COS cells were transfected with plasmids for eNOS, with or
without Akt or kinase-inactive Akt (K179M). The production of NO (assayed as ) was
determined by chemiluminescence. b, COS cells were transfected with various NOS
plasmids as above. In both a and b, values for  production were subtracted from levels
obtained from cells transfected with the β-galactosidase cDNA only. The insets show the
expression of proteins in total cell lysates. Data were mean ± s.e.m., n = 3-7 experiments;
asterisk denotes P < 0.05.
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Figure 2.
Phosphorylation of eNOS by active Akt in vitro and in vivo. a, COS cells were transfected
with HA-Akt or HA-Akt(K179M) and lysates were immunoprecipitated and placed into an
in vitro kinase reaction with histone 2B (25 μg) or recombinant eNOS (3 μg) as substrates.
Top panel: incorporation of 32P into the substrates; Bottom panel: amount of substrate by
Coomassie staining of the gel. b, 32P-labelled wild-type or double-serine mutant of eNOS
(eNOS S635/1179A) was affinity purified from transfected COS cells and subjected to
autoradiography (upper panel) or western blotting (lower panel). The histogram shows the
relative amount of labelled protein to the amount of immunoreactive eNOS in the gel. c,
Labelled eNOS was digested with trypsin and peptides separated by RP-HPLC. The upper
panel shows a predominant labelled tryptic peptide that comigrates with the unlabelled
synthetic phosphopeptide standard (bottom panel). Insets: linear mode MS of labelled
peptide (top) and phosphopeptide standard showing identical mass ions (bottom). d,
Recombinant wild-type eNOS or eNOS S1179A were purified and equal amounts (2.4 μg)
placed into an in vitro kinase reaction with recombinant Akt (see Methods). Top panel: the
incorporation of 32P into eNOS; bottom panel; amount of substrate by Coomassie staining of
the gel. Histogram (n = 3) reflects the relative amount of labelled eNOS to the mass of
eNOS (Coomassie) in the in vitro kinase reaction.
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Figure 3.
Evidence that Ser 1179 is functionally important for Akt-stimulated NO release. COS cells
were transfected with plasmids for wild-type eNOS or eNOS mutants, in the absence or
presence of Akt, and the expression of the proteins and production of NO (assayed as )
were determined. Constructs with the S1179A mutation were not activated by Akt; the
S1179D mutation resulted in a gain of function. Data are mean ± s.e.m. of 4-7 experiments;
asterisks represent significant differences (P < 0.05).
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Figure 4.
Akt regulates the basal and stimulated production of NO in endothelial cells. a, BLMVEC
were infected with adenoviral constructs (β-gal as control, myr-Akt and AA-Akt) and the
amount of  produced over 24 h was determined (n = 3). Inset: expression of eNOS and
Akt. b, Lysates from adenovirus-infected BLMVEC were examined for NOS activity. Equal
amounts of protein (50 μg) were incubated with various concentrations of free calcium, and
the NOS activity was determined (n = 3 experiments). c, BLMVEC were infected with
adenoviruses as above followed by stimulation with VEGF (40 ng per ml) for 30 min and

 release was quantified by chemiluminescence. Data are presented as VEGF-stimulated
release of  after subtraction of basal levels; mean ± s.e.m., n = 4; asterisks represent
significant differences (P < 0.05).
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