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Mechanisms underlying β2-adrenoceptor-mediated nitric
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Endothelial β2-adrenoceptor (β2AR) stimulation increases nitric oxide (NO) generation,
but the underlying cellular mechanisms are unclear. We examined the role of L-arginine
transport and of phosphorylation of NO synthase 3 (NOS-3) inβ2AR-mediated NO biosynthesis
by human umbilical vein endothelial cells (HUVEC). To this end, we assessed L-arginine
uptake, NOS activity (from L-arginine to L-citrulline conversion), membrane potential (using
[3H]tetraphenylphosphonium), as well as serine phosphorylation of NOS-3 (by Western blotting
and mass spectrometry), in HUVEC treated with βAR agonists or cyclic AMP-elevating agents.
β2AR stimulation increased L-arginine transport, as did cyclic AMP elevation with either
forskolin or dibutyryl cyclic AMP, and this increase was inhibitable by N -ethylmaleimide.
Blockade of L-arginine uptake by L-lysine inhibited NOS activity and, conversely, blockade of
NOS using Nω-nitro-L-arginine methyl ester (L-NAME) inhibited L-arginine transport. β2AR
stimulation also caused a membrane hyperpolarization inhibitable by L-NAME, suggesting that
the increase in L-arginine uptake occurred in response to NO-mediated hyperpolarization.β2AR
activation also increased NOS activity and phosphorylation of NOS-3 on serine-1177, and these
increases were attenuated by inhibition of protein kinase A (PKA), phosphatidylinositol 3-kinase
(PI3K) or Akt, and abolished by coinhibition of PKA and Akt. These findings suggest that
β2AR-mediated NOS-3 activation in HUVEC is mediated through phosphorylation of NOS-3
on serine-1177 through both the PKA and the PI3K/Akt systems, and is sustained by an increase
in L-arginine uptake resulting from NO-mediated membrane hyperpolarization.
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Nitric oxide (NO) is an important endothelium-derived
mediator which contributes to vasorelaxation, and is
released in response to a number of mechanical and
neurohormonal stimuli (Furchgott & Zawadzki, 1980;
Katusic et al. 1984; Rubanyi et al. 1986; Vanhoutte &
Miller, 1989; Yang et al. 1989). Following its release,
NO diffuses to the subjacent vascular smooth muscle,
where it elicits vasorelaxation through activation of
soluble guanylyl cyclase, which catalyses the formation of
cyclic guanosine-3′,5′-monophosphate (cGMP) and hence
activation of cGMP-dependent protein kinase (Ignarro
et al. 1987; Palmer et al. 1987). Classically, NO is released
from endothelial cells following activation of the endo-
thelial or type 3 isoform of NO synthase (NOS-3), which
is a Ca2+- and calmodulin-dependent enzyme, and hence
many endothelium-dependent vasodilators cause NO
release via an increase in intracellular Ca2+.

Vascular endothelial cells express β-adrenoceptors
(βAR), which contribute to vasorelaxation through
stimulation of endothelial NO biosynthesis, and in at least
some vessel types βAR-mediated NO production may
greatly outweigh any direct vasorelaxant effect of βAR
located on vascular smooth muscle (Ferro et al. 1999;
Xu et al. 2000). In the only study to date examining the
effect ofβAR stimulation on NO production in endothelial
cells derived from humans, we previously demonstrated
that β2AR, but not β1AR, stimulate NOS activity in
human umbilical vein endothelial cells (HUVEC), and
that they do so in a Ca2+-independent manner (Ferro
et al. 1999). The mechanism by which this occurs is
not known, but may involve protein kinase modifications
of NOS-3, since serine phosphorylation of NOS-3 by
both protein kinase A (PKA) and Akt activates NOS-3
in a Ca2+-independent manner through increasing its
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sensitivity to Ca2+-calmodulin (Dimmeler et al. 1999;
Butt et al. 2000; Fisslthaler et al. 2000; Boo et al. 2002),
and serine phosphorylation of NOS-3 occurs with β2AR
stimulation of rat aortic rings in vitro (Ferro et al. 2004).
Furthermore, cellular uptake of l-arginine (the substrate
for NOS) was shown to be increased following β2AR
stimulation in HUVEC (Ferro et al. 1999), and this may
also be responsible, at least in part, for the observed
β2AR-mediated increase in NOS activity. We hypothesized
that β2AR-mediated NOS activation in HUVEC may
occur partly through PKA- and/or Akt-induced serine
phosphorylation of NOS-3, and partly by augmentation
of l-arginine uptake. The present study was designed
therefore to investigate the respective roles of protein
kinase modification of NOS-3 and of l-arginine uptake
in mediating β2-adrenergic NOS activation in these
cells.

Methods

Materials

CGP 20712A was kindly provided by Novartis
International AG (Basel, Switzerland), and ICI 118551
by Zeneca Pharmaceuticals (Macclesfield, UK).
Radiochemicals were from Amersham International
PLC (Little Chalfont, UK). Medium 199, antibiotics,
antimycotics, trypsin-EDTA, Dulbecco’s PBS and fetal
bovine serum were from Gibco BRL (Paisley, UK). Akt
inhibitor and mouse monoclonal anti-phosphoserine IgG
were from Calbiochem-Novabiochem Ltd (Nottingham,
UK). Mouse monoclonal anti-NOS-3 antibody was from
BD Biosciences Pharmingen (San Diego, USA). Rabbit
polyclonal anti-phospho-NOS-3 (serine-1177-specific)
was from New England Biolabs Ltd (Hitchin, UK). All
other chemicals were from Sigma-Aldrich Company Ltd
(Poole, UK).

HUVEC isolation and culture

Fresh umbilical cords were obtained following delivery of
healthy babies to healthy normotensive mothers, either
by vaginal delivery or by elective Caesarean section. The
study conformed to the standards set by the Declaration of
Helsinki (last modified 2004). Approval for the study was
granted by the Research Ethics Committee, St Thomas’
Hospital, London, UK, and all subjects gave written
informed consent. HUVEC were isolated from cords
and cultured as previously described (Ferro et al. 1999).
Confluent cells at passage 3 were used for all experiments.

Determination of L-arginine uptake

HUVEC monolayers in 96-well culture plates were washed
three times at 37◦C with warmed balanced salt solution
(BSS) buffer, of the following composition (mm): NaCl
125, KCl 5.4, NaHCO3 16.2, Hepes 15, NaH2PO4 1,

MgSO4 0.8, CaCl2 1.8, glucose 5.5 (pH 7.4). Cells were
then incubated with BSS containing unlabelled l-arginine
(100 µm) for 15 min, and subsequently with CGP 20712A
(300 nm, a selectiveβ1AR antagonist), ICI 118551 (100 nm,
a selective β2AR antagonist) or vehicle (Ferro et al.
1999), in the absence or presence of N-ethylmaleimide
(0.2 mm) for a further 10 min. Agonists (isoproterenol
1 µm, forskolin 1 µm or dibutyryl cAMP 1 mm) or vehicle
were then added and the incubation continued for a further
5 min, for the last 30 s of which 0.4 µCi l-[3H]arginine
was added. This was left for 30 s before being aspirated;
HUVEC were then washed twice with ice-cold stop
solution (BSS containing 10 mm unlabelled l-arginine).
Formic acid (100 µl) was added to each well, and the plates
were left on ice for 10 min to allow HUVEC lysis to occur.
The lysate was removed from each well and placed into a
scintillation vial. Lysates from 12 extra vehicle-treated wells
from each plate were reserved for protein determination,
using the method of Bradford (1976). Ultima Gold Liquid
Scintillation Cocktail (5 ml) was added to all samples,
mixed well and the radioactivity (counts min−1 (cpm))
in each tube measured on a Wallac Beta liquid scintillation
counter. Data were corrected for protein and expressed as
pmol (µg protein)−1 min−1.

Determination of membrane potential changes

Influx of 46 nm [3H]tetraphenylphosphonium
([3H]TPP+, 0.5 µCi ml−1), a membrane potential-
sensitive probe (Sobrevia et al. 1995; Casanello &
Sobrevia, 2002; Flores et al. 2003), was measured over
15–240 s in HUVEC in 96-well plates equilibrated
for 15 min with BSS containing 100 µm l-arginine,
in the absence or presence of Nω-nitro-l-arginine
methyl ester (l-NAME, 0.1 mm) and/or isoproterenol
(1 µm, + CGP 20712A, 300 nm).

NOS activity measurement and cGMP assay

Conversion of radiolabelled l-arginine to l-citrulline
was determined as previously described (Ferro et al.
1999). Following incubation of HUVEC for 20 min with
1 µCi ml−1 l-[3H]arginine (57 Ci mmol−1) at 37◦C,
in an atmosphere of 95% air and 5% CO2, l-NAME
(0.1 mm), l-lysine (0.1 mm), H-89 (a selective PKA
inhibitor, 100 nm), wortmannin (a selective inhibitor
of phosphatidylinositol 3-kinase (PI3K), 500 nm),
Akt inhibitor (1l-6-hydroxymethyl-chiro-inositol 2-(R)-2-
O-methyl-3-O-octadecylcarbonate, 10 µm, a selective
inhibitor of Akt) or vehicle was added for a further
10 min. Agonists (isoproterenol 1 µm, albuterol 1 µm,
forskolin 1 µm, or dibutyryl cAMP 1 mm) or vehicle were
then added, and the incubation continued for another
10 min. l-citrulline formation was corrected for protein
concentration.
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For cGMP measurement, HUVEC treated as above were
placed on ice and incubated for 60 min with 0.1 m HCl,
which was then stored at −20◦C for radioimmunoassay
of cGMP following acetylation, as previously described
(Sobrevia et al. 1995).

Determination of serine phosphorylation of NOS-3

Confluent HUVEC were equilibrated for 15 min
in BSS containing one or more of the following:
l-NAME (100 µm), H-89 (100 nm), wortmannin
(500 nm), Akt inhibitor (10 µm), the Rp-isomer of 8-
bromo-2′-O-monobutyryladenosine-3′,5′-cyclic mono-
phosphorothioate (Rp-8-Br-MB-cAMPS, an alternative
inhibitor of PKA; 30 µm), LY 294002 (an alternative
inhibitor of PI3K; 10 µm), SH5 (an alternative inhibitor
of Akt; 1 µm), pertussis toxin (100 ng ml−1), or
corresponding vehicle. Following this period, the
selective β2AR agonist albuterol (1 µm) or corresponding
vehicle were added for a further 10 min. Reactions
were terminated, cells were lysed and NOS-3 was
immunoprecipitated. NOS-3 expression as well
as serine phosphorylation of NOS-3 (both total
serine phosphorylation and serine-1177-specific
phosphorylation) were analysed in lysates and immuno-
precipitates by Western blotting using anti-NOS-3,
anti-phosphoserine and anti-phospho-NOS-3
(serine-1177-specific) primary antibodies, as previously
described (Xu et al. 2003). In other experiments, NOS-3
immunoprecipitated from HUVEC following albuterol or

Figure 1. Effect of βAR stimulation or cAMP elevation on L-arginine uptake in HUVEC
A, effect of isoproterenol 1 µM, forskolin 1 µM or dibutyryl cAMP 1 mM on L-arginine uptake as compared with
basal values (vehicle treatment), by HUVEC. ∗, ∗∗: P < 0.05 and < 0.01, respectively, versus basal. B, effect of
isoproterenol on percentage increase in L-arginine uptake above basal, in HUVEC, in the presence of the selective
β1AR antagonist CGP 20712A 300 nM, the selective β2AR antagonist ICI 118551 100 nM, or neither antagonist.
∗∗∗P < 0.001 as compared with no antagonist. C, effect of isoproterenol 1 µM or forskolin 1 µM, as compared
with basal values (vehicle treatment), on L-arginine uptake by HUVEC, in the absence (filled bars) or presence (open
bars) of 0.2 mM N-ethylmaleimide. ∗∗, ∗∗∗: P < 0.01 and < 0.001 as compared with absence of N-ethylmaleimide.
Data are mean ± S.E.M. of 8–10 experiments in different cell cultures.

vehicle treatment was run on a 10% SDS-PAGE gel and,
following Coomassie Blue staining, the identity of the
band at 135 kDa was confirmed as NOS-3, and the precise
sites of phosphorylation were determined, by liquid
chromatography/mass spectrometry/mass spectrometry
(LC-MS/MS; Proteome Sciences plc, London, UK).

Data analysis

Each experiment was performed with cells obtained from
a separate donor. All data are presented as mean ± s.e.m.
Statistical comparisons were made using ANOVA with or
without repeated measures as appropriate, with post hoc
analyses using Dunnett’s test (GraphPad Prism version 4).
P < 0.05 (two-tailed) was taken as statistically significant.

Results

β2AR stimulation or cAMP elevation increase
L-arginine transport in HUVEC

Isoproterenol, forskolin and dibutyryl cAMP each
increased l-arginine uptake by HUVEC (Fig. 1A). The
response to isoproterenol was inhibited by ICI 118551
but not by CGP 20712A, suggesting that the effect of
isoproterenol was mediated solely through β2AR and
not β1AR (Fig. 1B). Neither CGP 20712A nor ICI 118551
had any effect on basal l-arginine uptake; moreover,
ICI 118551 had no effect on forskolin-induced l-arginine
uptake (data not shown).
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Transport of l-arginine appears to occur principally
through the cationic amino acid transporter-1 (CAT-1),
in HUVEC (Mann et al. 2003). The CAT system of
amino acid transporters can be specifically inhibited by
the sulphydryl reagent N-ethylmaleimide (Devés et al.
1992; Devés & Boyd, 1998; Palacı́n et al. 1998). We
found that basal l-arginine transport was inhibited by
N-ethylmaleimide, and that this compound also abolished
the increase in l-arginine transport in response to
isoproterenol or forskolin (Fig. 1C).

Figure 2. Interdependency of L-arginine uptake and NOS activity on βAR- and cAMP-mediated NO
biosynthesis in HUVEC
A, effect of isoproterenol 1 µM or forskolin 1 µM, as compared with basal values (vehicle treatment), on NOS
activity in HUVEC, in the absence (filled bars) or presence (open bars) of 0.1 mM L-lysine. ∗∗P < 0.01 as compared
with basal; ##, ### P < 0.01 and < 0.001 as compared with absence of L-lysine. B, effect of isoproterenol 1 µM

or forskolin 1 µM, as compared with basal values (vehicle treatment), on cGMP accumulation in HUVEC, in the
absence (filled bars) or presence (open bars) of 0.1 mM L-lysine. ∗∗∗P < 0.001 as compared with basal; #, ###:
P < 0.05 and < 0.001 as compared with absence of L-lysine. C, effect of isoproterenol 1 µM or forskolin 1 µM,
as compared with basal values (vehicle treatment), on NOS activity in HUVEC, in the absence (filled bars) or
presence (open bars) of 0.1 mM L-NAME. ∗∗∗P < 0.001 as compared with basal; ### P < 0.001 as compared with
absence of L-NAME. D, effect of isoproterenol 1 µM or forskolin 1 µM, as compared with basal values (vehicle
treatment), on L-arginine uptake by HUVEC, in the absence (filled bars) or presence (open bars) of 0.1 mM L-NAME.
∗∗∗P < 0.001 as compared with basal; ##, ###: P < 0.01 and < 0.001 as compared with absence of L-NAME. Data
are mean ± S.E.M. of 8–12 experiments in different cell cultures.

Inhibition of L-arginine transport prevents NO
production, and vice versa, in HUVEC

Uptake of l-arginine into HUVEC is inhibited by other
cationic amino acids. We therefore examined the effect of
coincubation with l-lysine on NOS activity, as measured
by l-[3H]arginine to l-[3H]citrulline conversion. l-lysine
inhibited basal NOS activity, and also prevented the
increase in NOS activity to either isoproterenol or forskolin
(Fig. 2A). To confirm that l-lysine indeed prevented
NO generation, we also measured intracellular cGMP
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Figure 3. NO dependency of β2AR-mediated membrane hyperpolarization in HUVEC
Effect of isoproterenol 1 µM on the time course of uptake of the membrane potential-sensitive probe [3H]TPP+
by HUVEC in the presence of the selective β1AR antagonist CGP 20712A and the absence or presence of 0.1 mM

L-NAME. ∗, ∗∗: P < 0.05 and < 0.01 as compared with basal. Data are expressed as counts min−1 (cpm) corrected
for cellular protein, and are mean ± S.E.M. of eight experiments in different cell cultures.

accumulation in HUVEC treated with isoproterenol or
forskolin, in the absence or presence of l-lysine. Basal
cGMP was reduced, and the increase in cGMP in response
to isoproterenol or forskolin was also abolished, when
l-lysine was present (Fig. 2B).

l-NAME is a neutral analogue of l-arginine, which
specifically inhibits NOS, with no direct effect on
l-arginine transport via system y+/CAT-1 (Bogle
et al. 1992). Indeed, in our system, l-NAME did
not affect basal l-arginine uptake (2.3 ± 0.3 versus
2.4 ± 0.3 pmol (µg protein)−1 min−1 in the absence and
presence of l-NAME, respectively; n = 8), whereas,
by contrast, the alternative l-arginine analogue
Nω-monomethyl-l-arginine (l-NMMA, at the same
concentration, 0.1 mm) reduced basal l-arginine uptake
from 2.2 ± 0.3 to 1.2 ± 0.2 pmol (µg protein)−1 min−1

(n = 4; P < 0.05). As expected, l-NAME inhibited basal
as well as isoproterenol- and forskolin-stimulated NOS
activity (Fig. 2C); additionally, although l-NAME did
not affect basal l-arginine uptake, it abolished both
isoproterenol- and forskolin-stimulated l-arginine
uptake (Fig. 2D).

β2AR-mediated NO generation causes membrane
hyperpolarization in HUVEC

We have previously shown that adenosine-stimulated NO
release causes membrane hyperpolarization in HUVEC,
resulting in an increased rate of l-arginine influx (Wyatt
et al. 2002). In the present experiments, isoproterenol
in the presence of CGP 20712A increased the uptake
of the membrane potential-sensitive probe [3H]TPP+,
and this increase was inhibited by l-NAME (Fig. 3),

confirming that β2AR activation causes a membrane
hyperpolarization as a result of NO generation.

Activation of NOS by β2AR is dependent on both PKA
and Akt, in HUVEC

NOS stimulation by β2AR agonists occurs with no
observable change in intracellular Ca2+ (Ferro et al.
1999). Since Ca2+-independent NOS-3 activation can
occur through serine phosphorylation of NOS-3 by PKA or
Akt (especially on serine residue 1177, but also serine-116

Figure 4. Role of the PKA and PI3K/Akt pathways in
β2AR-mediated NOS activation in HUVEC
Percentage increase above basal (vehicle treatment) in NOS activity in
HUVEC treated with albuterol 1 µM, in the absence or presence of:
L-NAME 0.1 mM; the selective PKA inhibitor H-89 100 nM; the selective
PI3K inhibitor wortmannin 500 nM; Akt inhibitor 10 µM; or the
combination of H-89 100 nM and Akt inhibitor 10 µM. ∗∗, ∗∗∗:
P < 0.01 and < 0.01 as compared with no antagonist; ##P < 0.01 as
compared with H-89 alone. Data are mean ± S.E.M. of six experiments
in different cell cultures.
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and serine-633), we determined the effect of selective
inhibition of PKA, PI3K (the upstream activator of Akt) or
Akt on NOS activity, in HUVEC treated with albuterol or
vehicle. As expected, NOS activity increased in response to
albuterol, and this increase was inhibited by coincubation
with l-NAME. H-89, wortmannin or Akt inhibitor alone
each partially inhibited the albuterol-induced increase
in NOS activity, while the combination of H-89 and
Akt inhibitor completely abolished the albuterol response

Figure 5. Role of the PKA and PI3K/Akt pathways in
β2AR-mediated NOS-3 serine phosphorylation in HUVEC
A, Western blot depicting the presence of a 135 kDa band (the known
molecular mass of NOS-3) in NOS-3 immunoprecipitates prepared
from HUVEC lysates, probed with anti-NOS-3 antibody. B, Western
blot depicting the presence of a 135 kDa band (the known molecular
mass of NOS-3) in NOS-3 immunoprecipitates prepared from HUVEC
lysates, probed with anti-phosphoserine IgG. Lanes: 1 = basal (vehicle
treatment); 2 = albuterol 1 µM; 3 = albuterol + L-NAME 0.1 mM;
4 = albuterol + H-89 100 nM; 5 = albuterol + wortmannin 500 nM;
6 = albuterol + Akt inhibitor 10 µM; 7 = albuterol + H-89 + Akt
inhibitor. C, densitometric ratio of 135 kDa phosphoserine/NOS-3
bands, in HUVEC treated as shown, expressed as mean ± S.E.M. of six
experiments. ∗, ∗∗: P < 0.05 and < 0.01 as compared with basal; #,
##: P < 0.05 and < 0.01 as compared with albuterol alone.

(Fig. 4). H-89, wortmannin and Akt inhibitor had no effect
on basal NOS activity (data not shown).

β2AR activation increases serine-1177
phosphorylation of NOS-3 in HUVEC, through both
PKA and Akt

To confirm that β2AR agonism induced an increase
in serine phosphorylation of NOS-3, HUVEC
were treated with albuterol or vehicle, NOS-3 was
immunoprecipitated, and the immunoprecipitates
subjected to Western blotting for both NOS-3 and
phosphoserine. Using the anti-NOS-3 antibody, a band
was detected at 135 kDa, the known molecular mass of
NOS-3 (Fig. 5A); and using the anti-phosphoserine IgG a
band was detected at this same position, thus confirming
that NOS-3 undergoes serine phosphorylation in
HUVEC (Fig. 5B). Albuterol increased NOS-3 serine
phosphorylation, and this increase was not affected by
NOS inhibition with l-NAME; the albuterol-induced
increase in NOS-3 serine phosphorylation was partially
inhibited by H-89, wortmannin or Akt inhibitor, and was
completely abolished by the combination of H-89 and
Akt inhibitor (Fig. 5C). None of the inhibitors (H-89,
wortmannin or Akt inhibitor) had any effect on basal

Figure 6. Effect of β2AR stimulation, and of concomitant
inhibition of the PKA and PI3K/Akt pathways, on NOS-3
expression in HUVEC
Density of 135 kDa band detected by Western blotting for NOS-3 in
HUVEC lysates, expressed as a percentage of basal (vehicle-treated
HUVEC). Basal density is set at 100%, in order to allow interblot
normalization of densities. Results are shown for HUVEC following
treatment with albuterol 1 µM, in the absence or presence of: L-NAME
0.1 mM; H-89 100 nM; wortmannin 500 nM; Akt inhibitor 10 µM; and
the combination of H-89 with Akt inhibitor. Data are mean ± S.E.M. of
six experiments.
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Figure 7. Role of the PKA and PI3K/Akt pathways, and of Gi
protein, in β2AR-mediated phosphorylation of NOS-3
specifically on serine-1177 in HUVEC
A, Western blot depicting the presence of a 135 kDa band (the known
molecular mass of NOS-3) in NOS-3 immunoprecipitates prepared
from HUVEC lysates, probed with anti-NOS-3 antibody (upper blot)
and anti-phospho-NOS-3 (serine-1177-specific) antibody (lower blot).
Lanes: 1 = basal (vehicle treatment); 2 = albuterol 1 µM;
3 = albuterol + H-89 100 nM; 4 = albuterol + Akt inhibitor 10 µM;
5 = albuterol + H-89 + Akt inhibitor. B, densitometric ratio of

NOS-3 phosphorylation (Fig. 5C). By contrast, Western
blotting of HUVEC lysates using the anti-NOS-3 antibody
showed no change in NOS-3 expression, following each of
these treatments (Fig. 6). Additionally, Western blotting
of HUVEC lysates using an anti-NOS-2 monoclonal anti-
body (Santa Cruz Biotechnology, USA) revealed no bands
corresponding to NOS-2 (data not shown).

In further experiments, HUVEC were treated with
albuterol or vehicle, and lysates were subjected to Western
blotting for phosphoserine-1177-modified NOS-3.
Albuterol increased NOS-3 serine phosphorylation at
position 1177, which was partially inhibited by H-89
or Akt inhibitor, and completely abolished by the
combination of H-89 and Akt inhibitor (Fig. 7A and B).
Using different inhibitors of H-89, PI3K and Akt, namely
Rp-8-Br-MB-cAMPS, LY 294002 and SH5, respectively, it
was found that each of these also partially inhibited the
albuterol-induced increase in NOS-3 phosphorylation at
serine-1177, and the combination of Rp-8-Br-MB-cAMPS
and SH5 completely abolished it (Fig. 7C and D). Once
again, no effect was seen of the different inhibitors on
basal phosphorylation. Moreover, whereas pertussis toxin
did not affect basal NOS-3 serine phosphorylation, it
largely inhibited the increase in this phosphorylation to
albuterol (Fig. 7C and D).

To confirm that NOS-3 serine phosphorylation
occurred at position 1177, NOS-3 immunoprecipitates
from HUVEC treated with either albuterol or vehicle
were run on a 10% SDS-polyacrylamide gel and,
following Coomassie Blue staining, the 135 kDa band thus
visualized was excised and trypsin digests were analysed
by LC-MS/MS. In both albuterol- and vehicle-treated
samples, the only phosphorylation site detected was
serine-1177 (Fig. 8).

Discussion

The present study sheds light on the mechanisms by
which β2AR-mediated NO biosynthesis occurs. HUVEC
take up extracellular l-arginine predominantly through
the system y+ (CAT-1 transporter), and this is the

phosphoserine-1177-NOS-3/total NOS-3 bands, in HUVEC treated as
shown, expressed as mean ± S.E.M. of six experiments. C, Western blot
depicting the presence of a 135 kDa band in HUVEC lysates, probed
with anti-phospho-NOS-3 (serine-1177-specific) antibody (upper blot)
and anti-α-tubulin antibody (lower blot). Lanes: 1 = basal (vehicle
treatment); 2 = albuterol 1 µM; 3 = albuterol + LY 294002 10 µM;
4 = albuterol + Rp-8-Br-MB-cAMPS 30 µM; 5 = albuterol + SH5 1 µM;
6 = albuterol + SH5 + Rp-8-Br-8-MB-cAMPS; 7 = albuterol +
pertussis toxin 100 ng ml−1 D, densitometric ratio of phosphoserine-
1177-NOS-3/tubulin bands, in HUVEC treated as shown, expressed as
mean ± S.E.M. of three experiments. ∗, ∗∗, ∗∗∗: P < 0.05, < 0.01 and
< 0.001 as compared with basal; #, ##, ##: P < 0.05, < 0.01 and
< 0.001 as compared with albuterol alone.
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predominant source of l-arginine used as substrate for
NOS-3, rather than intracellular l-arginine (Hardy &
May, 2002). It seems likely therefore that both the uptake
and the subsequent intracellular conversion by NOS-3
of l-arginine would be closely linked or coregulated.
Indeed, our experiments show that β2AR stimulation or
cAMP elevation by other means simultaneously activates
l-arginine uptake and NOS activity. Furthermore,
inhibition of l-arginine uptake prevents NO biosynthesis
and, conversely, inhibition of NOS prevents l-arginine
uptake, in response to β2AR stimulation or cAMP
elevation in HUVEC.

Our experiments further demonstrate that β2AR
stimulation in HUVEC gives rise to membrane
hyperpolarization, which is prevented by NOS inhibition
with l-NAME, consistent with β2AR activation causing
hyperpolarization through NO release. Indeed, we have
previously shown that NO released by HUVEC following
acute treatment with adenosine can similarly cause
membrane hyperpolarization accompanied by increased
arginine influx (Wyatt et al. 2002). Furthermore, other
studies have shown that membrane potential has an
important effect on CAT-1 activity, with hyperpolarization
increasing l-arginine transport (Mann et al. 2003). Several
workers have demonstrated that [3H]TPP+ is a robust,
sensitive and specific probe which can be utilized to

Figure 8. Phosphorylation sites of
NOS-3 in HUVEC
LC-MS/MS result for trypsin digest of
135 kDa band seen on Coomassie Blue
staining of gel following SDS-PAGE of
NOS-3 immunoprecipitate from HUVEC.
Phosphorylation sites are shown
underscored.

show changes in membrane potential (Kuroki et al.
1982; Friedman et al. 1985; Hofer & Kunemund, 1985;
Arcangeli & Olivotto, 1986; Sobrevia et al. 1995; Casanello
& Sobrevia, 2002; Flores et al. 2003). Our data suggest
therefore that β2AR stimulate NOS, eliciting an increase
in NO biosynthesis, which is then sustained through
increased l-arginine influx via NO-induced membrane
hyperpolarization. We therefore further examined the
mechanisms by which β2AR activate NOS.

Phosphorylation of NOS-3, the principal isoform
of NOS found in endothelial cells, by PKA or Akt
can elicit Ca2+-independent activation (Dimmeler et al.
1999; Butt et al. 2000; Fisslthaler et al. 2000; Boo
et al. 2002). Here, we have confirmed that β2AR
stimulation increases the degree of serine phosphorylation
of NOS-3, specifically on serine-1177, which can explain
β2AR-mediated Ca2+-independent NOS activation in
HUVEC. Blockade either of PKA or of the PI3K-Akt
pathway partially inhibits both NOS activation and NOS-3
serine phosphorylation in response to β2AR stimulation,
and combined PKA and Akt inhibition abolishes both of
these. Serine-1177 phosphorylation was identified in both
vehicle- and albuterol-treated HUVEC by LC-MS/MS,
but no other phosphorylation of NOS-3 was detected;
and the degree of this phosphorylation was increased by
albuterol, as determined by Western blotting. Although
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serine-1177 on NOS-3 is well characterized as undergoing
phosphorylation by Akt, recent evidence has shown that
PKA can also phosphorylate this residue, thereby causing
Ca2+-independent NOS-3 activation, in endothelial cells
(Bae et al. 2003).

βAR couple, via the stimulatory G-protein Gs, to
adenylyl cyclase, which catalyses the conversion of ATP
to cAMP; cAMP in turn activates PKA. Recently, it
has become apparent that β2AR, but not β1AR, can
also activate the inhibitory G-protein Gi (Xiao et al.
1995, 1999), and this may provide a mechanism whereby
β2AR can stimulate Akt, since β/γ subunits derived
from Gi following its activation can stimulate PI3K,
which in turn activates Akt (Brock et al. 2003). In the
present experiments, pertussis toxin largely prevented the
β2AR-mediated increase in NOS-3 phosphorylation at
serine-1177, suggesting that β2AR do indeed mediate
NOS-3 phosphorylation at this residue, and hence its
activation, at least partially through a Gi-dependent
mechanism. Our data provide, for the first time,
a mechanistic explanation for β2AR-mediated NOS-3
activation at the subcellular level.

The question arises as to the specificities of H-89,
wortmannin and Akt inhibitor used in the present
experiments. Based on previously published activity and
selectivity data for each of these inhibitors (Chijiwa
et al. 1990; Davies et al. 2000; Hu et al. 2000), we were
careful to use concentrations that would cause maximal or
near-maximal inhibition of the chosen kinase, with little
cross-reactivity with other pathways. Nevertheless, both
H-89 and wortmannin have been previously demonstrated
to inhibit certain other kinase pathways at concentrations
close to those used here (Davies et al. 2000). We therefore
confirmed the findings with these inhibitors by also
using Rp-8-Br-MB-cAMPS (an alternative PKA inhibitor),
LY 294002 (an alternative PI3K inhibitor) and SH5 (an
alternative Akt inhibitor). We are confident therefore
that our data truly reflect selective kinase inhibition as
stated.

In conclusion, there is now abundant evidence that
endothelial β2AR play an important role in mediating
β-adrenergic vasorelaxation in a variety of blood vessel
types through stimulation of NO production. The data
presented here provide a mechanism by which this occurs.
Our results suggest that, in HUVEC, β2AR stimulate both
the PKA and PI3K-Akt pathways, both of which can
give rise to phosphorylation on serine-1177 – and hence
Ca2+-independent activation – of NOS-3. This increase
in NOS-3 activity augments NO biosynthesis, which in
turn hyperpolarizes the plasmalemma, increasing CAT-1
activity and l-arginine uptake, thereby sustaining an
increase in NO production. Our study provides important
novel information about the physiological mechanisms
underlying β-adrenergic regulation of vascular tone.
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