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Nitric oxide (NO) produced from endothelial cells plays a critical role in vascular physiology. The
regulation of endothelial NO synthase (eNOS) involves various mechanisms including multiple Ser/Thr
phosphorylations. Recently, eNOS-Ser617 was newly recognized to be phosphorylated in response to
humoral factors including vascular endothelial growth factor. However, it remains unknown whether
and how eNOS-Ser617 phosphorylation is stimulated by shear stress, the primary stimulus of
endothelial NO production. This issue was explored in the present study using cultured bovine aortic
endothelial cells (BAECs). Over-expression of a constitutively active protein kinase B (Akt) mutant in
BAECs increased Ser617 phosphorylation while constitutively active protein kinase A mutant had no
effect. When BAECs were subjected to an arterial level of laminar shear stress, eNOS-Ser617
phosphorylation was clearly increased in a time-dependent manner. Shear stress also stimulated Akt
phosphorylation at Thr308, one of the key regulatory sites. The time courses of eNOS-Ser617 and Akt-
Thr308 phosphorylations appeared to be very similar. These results suggested that eNOS-Ser617
phosphorylation, mediated by Akt, is a physiological response to the mechanical shear stress, involved
in the regulation of NO production in endothelial cells.
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Endothelial cells are constantly subjected to shear stress

generated by blood flow. The importance of shear stress for

vascular health has been recognized by the preferential

development of atherosclerosis at the branched and curved

points of arteries which experience disturbed rather than

laminar flow.1,2) The regions of arteries experiencing laminar

shear stress due to orderly blood flow are generally protected

from lesion formation. Currently, it is appreciated that nitric

oxide (NO) produced from endothelium plays a critical role in

mediating the athero-protective effect of laminar shear stress

while reactive oxygen species are implicated in the inflammatory

reactions caused by oscillatory shear stress.3,4)

Endothelial NO production is stimulated by shear stress,

cyclic strain and various humoral factors including vascular

endothelial growth factor (VEGF).5-7) Endothelial nitric oxide

synthase (eNOS) is regulated at the level of protein expression

and by the acute modulation of activity through multiple

mechanisms including an association in multiprotein complexes,

protein-protein interactions, sub-cellular locations and post-

translational modifications.8,9) Acute changes in shear stress

induce a Ca2+/CaM-dependent production of NO, followed by

Ca2+-independent steady NO production.5) The precise mechanism

of steady NO production is not entirely clear, yet binding of

Hsp90 to eNOS and eNOS phosphorylation appear to play a

role.4,9,10)

Over the past decade, we have come to appreciate the

importance of eNOS phosphorylation at various sites. Currently,

five Ser/Thr residues (Ser116, Thr497, Ser617, Ser635 and

Ser1179) are known to be phosphorylated by numerous

protein kinases including protein kinase B (Akt), protein

kinase A (PKA), CaM kinase II, AMP-activated kinase and

protein kinase C in response to physiological stimuli.9) We

have shown that shear stress stimulates eNOS phosphorylation

at Ser1179 and Ser635 without significant effect on Ser116

and Thr497.11,12) While S1179 phosphorylation in eNOS plays

a critical role in response to both shear stress and humoral

ligands such as VEGF, S635 phosphorylation renders it active

under basal conditions, perhaps contributing to the basal NO

production at a low level.13)

Recent studies have found that eNOS-S617 is phosphorylated

in response to humoral factors such as ATP, bradykinin and

VEGF.14) However it remains unknown if shear stress, the

primary stimulus of endothelial NO production, stimulates the

eNOS-S617 phosphorylation. Furthermore, the protein kinase

responsible for the phosphorylation in cells remains to be

identified. The present study was aimed to fill in these missing

parts that are essential to understand the signaling events

involved in shear-stimulated NO production.
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Materials and Methods

Cell culture. Bovine aortic endothelial cells (BAEC)

harvested from descending thoracic aortas were maintained

(37°C, 5% CO2) in a growth medium [Dulbecco’s modified

Eagle’s medium (DMEM) containing 1 g/l glucose (GIBCO)

and 20% fetal bovine serum (FBS, Atlanta Biologicals)

without antibiotics].11)

Adenoviral infections. BAEC at ~90% confluency were

infected with a recombinant adenovirus in serum-free DMEM

for 1 h and incubated for 48 h in a growth medium. The

recombinant adenovirus expressing a constitutively active Akt

mutant generated by fusing a myristoylation signal to its

amino terminus (Ad-Akt-Myr)11, 15) and the control adenovirus

encoding β-galactosidase (Ad-β-Gal) were used in the present

study.

Transfections. BAECs were transfected with a plasmid

construct by using lipofectamin (Invitrogen). Briefly, cells

grown to ~90% confluency in 100 mm culture dishes were

washed with and kept in 5 ml Opti-MEM (Gibco). Plasmid

construct (5 µg DNA) was mixed with lipofectamin (10 µg) in

500 µl Opti-MEM, and the mixture was kept at room

temperature for 30 min. Cells were treated with the mixture

for 5 h at 37oC. The transfected cells were further incubated

for 1 day. PKA-Cqr construct expresses a constitutively active

mutant of mouse PKA catalytic subunit Cα which contains

double mutations (His87Gln and Trp196Arg).13,16)

Shear stress studies. A confluent monolayer of BAEC

grown in a 100-mm dish was exposed to non-pulsatile,

laminar shear stress in a shear medium (phenol red-free

DMEM containing 0.5% FBS and 25 mM HEPES, pH 7.4)

by rotating a Teflon cone (0.5o cone angle) as described

previously.11,12) Cells were exposed to an arterial level of shear

stress (15 dyn/cm2).

Western blotting. Cells were washed in ice-cold

phosphate-buffered saline (PBS) and lysed in 0.75 ml lysis

buffer A (20 mM Tris · HCl, pH 7.6, 150 mM NaCl, 1 mM

EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM

β-glycerophosphate, 1 mM sodium vanadate, 1 µg/ml leupeptin,

1 mM phenylenemethylsulfonyl fluoride, 1 µM microcystin,

and 1% Triton X-100). Cell lysates were clarified by spinning

at 14,000 g for 15 min at 4oC. Aliquots of cell lysates (20 µg

protein each) were resolved on a 10% SDS-PAGE gel and

transferred to a polyvinylidene difluoride membrane (Millipore).

The membrane was incubated with a primary antibody overnight

at 4oC and then with a secondary antibody conjugated with

alkaline phosphatases (1 h at room temperature), which was

detected by a chemiluminescence method, as described

previously.12) Blots shown are representatives of at least three

independent studies.

The following primary antibodies were used: polyclonal

antibodies for phosphorylated forms of Akt-Thr308 and

eNOS-Ser1179 from Cell Signaling Technology; and a polyclonal

antibody for total Akt from Santa Cruz biotechnology;

polyclonal and monoclonal antibodies for total eNOS, and

monoclonal antibody for PKA-Cα from Transduction

Laboratories. Rabbit polyclonal antibodies specific for

phosphorylated forms of eNOS-Ser116, eNOS-Thr497, eNOS-

Ser617 and eNOS-Ser635 were from Upstate Biotechnology.

Results and Discussion

Recently, Michell et al. showed that eNOS-Ser617 was

phosphorylated when recombinant eNOS protein was

incubated with purified Akt or PKA in kinase assay buffer.14)

In their experiments, Akt was shown to phosphorylate eNOS

at Ser1179 and Ser617 while PKA phosphorylated Ser1179,

Ser635 and Ser617. To determine which of these potential

candidates, Akt or PKA, regulates eNOS-Ser617 phosphorylation

in cells, BAEC were either infected with a recombinant

adenovirus to express a constitutively active Akt mutant (Ad-

Akt-Myr)11,15) or transfected with a plasmid construct encoding

a constitutively active PKA catalytic subunit mutant (PKA-

Cqr).13,16) Control cells were infected with a recombinant

adenovirus Ad-β-Gal or transfected with an empty pAdTrackCMV

vector. The protein extracts of the cells were subjected to

Western blot analysis using phospho-specific antibody for

eNOS-Ser617. As shown in Fig. 1, adenovirus-mediated over-

expression of Akt-Myr in BAEC markedly enhanced eNOS-

Ser617 phosphorylation without significantly affecting total

eNOS protein level. This change was not observed in control

cells infected with Ad-b-Gal. In contrast, PKA-Cqr expression

did not stimulate eNOS-Ser617 phosphorylation at all,

similarly to the control cells transfected with an empty vector.

Fig. 1. Akt but not PKA regulates eNOS phosphorylaton at
Ser617 in endothelial cells. BAECs were infected with a
recombinant adenovirus expressing a constitutively active Akt
mutant (Ad-Akt-Myr) or a control adenovirus encoding β-galac-
tosidase (Ad-β-Gal), or were transfected with a PKA-Cqr con-
struct encoding a constitutively active mutant of mouse PKA
catalytic subunit Cα, or an empty pAdTrackCMV vector. The
protein extracts from the treated cells were subjected to West-
ern blot analysis using antibodies specific for eNOS phosphory-
lated at Ser617. The membranes were re-probed with antibodies
detecting total eNOS. Expression of Akt-Myr and PKA-Cqr
were verified by blotting with Akt and PKA-Cα antibodies,
respectively. 
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These results strongly suggest that Akt, but not PKA, may be

the protein kinase responsible for S617 phosphorylation under

physiological conditions. Although it occurs in vitro,14) PKA-

dependent phosphorylation of eNOS-Ser617 does not appear

physiologically relevant. Robust expression of Akt-Myr and

PKA-Cqr was verified by Western blotting with Akt and

PKA-Cα antibodies, respectively.

Next, the effects of over-expressed Akt-Myr on phosphorylation

of eNOS at sites other than Ser617 were examined. As shown

in Fig. 2, Akt-Myr expression stimulated eNOS-Ser1179

phosphorylation, as reported elsewhere.7,11,17) The phosphorylation

status of eNOS at The495 and Ser116 appeared to be

insensitive to Akt-Myr; however, Ser635 phosphorylation was

weakly but clearly stimulated. Because purified Akt protein

does not phosphorylate eNOS-Ser635 in vitro,14) it is conceivable

that Akt might have stimulated the phosphorylation indirectly,

possibly by involving PKA.

eNOS is known to be phosphorylated at Ser1179 and

Ser635 by a PKA-dependent mechanism in response to

laminar shear stress.11,12) However, many groups, including

ours, have noticed a role of Akt in eNOS activation by shear

stress.11,18) Therefore I examined if shear stress stimulated the

phosphorylation of eNOS-Ser617 which appeared to be a

potential Akt-specific site. As shown in Fig. 3, exposure of

BAEC to an arterial level of laminar shear stress (15 dyn/cm2)

stimulated phosphorylation of eNOS at Ser617 in a time-

dependent manner, reaching a maximum after 30 min from

the onset of shear stress. Shear stress also stimulated

phosphorylation of Akt at Thr308, one of the key regulatory

sites 19) as determined by Western blots using phospho-specific

antibodies for that site (Fig. 3). The time course of Akt

phosphorylation was similar to that of eNOS-S617 phosphorylation,

suggesting that eNOS-Ser617 phosphorylation, probably

mediated by Akt, is a physiological response to the mechanical

shear stress in endothelial cells. Due to the results from the

current study, it became clearer how eNOS is regulated

through multiple phosphorylations by multiple kinases in

response to shear stress. As summarized in Table 1, Akt and

PKA appear to regulate eNOS phosphorylation at Ser617 and

Ser635, respectively, in response to shear stress, while both

kinases regulate Ser1179 phosphorylation in endothelial cells.

Thus it is suggested that PKA and Akt play critical roles in

mediating the effects of laminar fluid shear stress which

protect the blood vessel from atherosclerotic lesion formation.

It is not yet perfectly clear how shear stress stimulates Akt

and PKA activation which leads to eNOS activation. Acute

onset of shear stress may trigger a number of events including

Akt activation which is mediated by Src-family and vascular

endothelial growth factor receptor 2 (VEGFR2) tyrosine

kinases and phosphatidylinositol-3-kinase.4) Supporting this

assumption, recent study has identified a mechano-sensory

complex that mediates endothelial cell response to fluid shear

stress.20) Platelet endothelial cell adhesion molecule-1

(PECAM-1), vascular endothelial cell cadherin and VEGFR2

were proposed to form the complex. Recent studies have

demonstrated that cell-cell contact induces the enrichment of

eNOS at intercellular junctions.21) At these locations, eNOS

interacts with PECAM-1, a protein postulated to act in the

mechano-transduction pathway.22, 23) PKA catalytic subunit has

been shown to be associated with eNOS at endothelial cell

junctions,24) which may help elucidate the yet unclear

mechanism by which eNOS is regulated by PKA. However,

whether and how PKA is stimulated by shear stress still

remains unknown.

The effect of each phosphorylation on the eNOS activity

varies; eNOS is activated by phosphorylation at S1179 or

Fig. 2. Over-expression of a constitutively active Akt alters
eNOS phosphorylation status. BAECs were infected with a
recombinant adenovirus expressing a constitutively active Akt
mutant (Ad-Akt-Myr) or a control adenovirus encoding β-galac-
tosidase (Ad-β-Gal). The protein extracts from the treated cells
were subjected to Western blot analysis using phospho-specific
antibodies for each site of eNOS. The membranes were re-
probed with antibodies detecting total eNOS. Expression of
Akt-Myr was verified by blotting with antibodies detecting total
Akt and active Akt phosphorylated at Thr308.

Fig. 3. Shear stress stimulates eNOS phosphorylaton at
Ser617 in endothelial cells. Shear stress was imposed to a con-
fluent monolayer of BAEC grown in a culture dish at an arte-
rial level (15 dyn/cm2) by rotating a Teflon cone (0.5o cone
angle) for the specified time. The protein extracts from the
treated cells were subjected to Western blot analysis using anti-
bodies specific for eNOS phosphorylated at Ser617 or Akt
phosphorylated at Thr308. The membranes were re-probed with
antibodies detecting total eNOS and total Akt, respectively.
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S63512,13,17) while phosphorylation at T497 or S116 provides

negative regulation25,26). The biochemical and physiological

significances of Ser617 phosphorylation have been studied

previously using phospho-mimicking (serine to aspartic acid)

and phospho-inhibiting (serine to alanine) mutants. Michell et

al. showed that phosphorylation of Ser617, using phospho-

mimicking eNOS mutant protein, increases Ca2+/CaM

sensitivity of the enzyme without altering the maximum

activity.14) In addition, Bauer et al. showed that phospho-

inhibiting eNOS mutant had an attenuated phosphorylation at

Ser116 and Ser635. The mutation, however, enhanced its

interaction with either Hsp90 or Akt.27) Therefore, eNOS-

Ser617 may be important for the modulation of phosphorylation

of other sites and protein-protein interactions.

In conclusion, the present study demonstrated that Akt-

dependent eNOS phosphorylation at Ser617 is responsive to

laminar shear stress, implicating its role in the eNOS

activation by shear stress in endothelial cells.
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