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Sphingosine 1-phosphate (S1P) is a platelet-derived
sphingolipid that elicits diverse biological responses,
including angiogenesis, via the activation of G protein-
coupled EDG receptors. S1P activates the endothelial
isoform of nitric-oxide synthase (eNOS), associated with
eNOS phosphorylation at Ser-1179, a site phosphoryl-
ated by protein kinase Akt. We explored the proximal
signaling pathways that mediate Akt activation and
eNOS regulation by S1P/EDG receptors. Akt is regulated
by the lipid kinase phosphoinositide 3-kinase (PI3-K).
We found that bovine aortic endothelial cells (BAEC)
express both � and � isoforms of PI3-K, while lacking the
� isoform. S1P treatment led to the rapid and isoform-
specific activation of PI3-K� in BAEC. PI3-K� can be
regulated by G protein �� subunits (G��). The overex-
pression of a peptide inhibitor of G�� attenuated S1P-
induced eNOS enzyme activation, as well as S1P-in-
duced phosphorylation of eNOS and Akt. In contrast,
bradykinin, a classical eNOS agonist, neither activated
any PI3-K isoform nor induced eNOS phosphorylation at
Ser-1179, despite activating eNOS in BAEC. Vascular
endothelial growth factor activated both PI3-K� and
PI3-K� via tyrosine kinase pathways and promoted
eNOS phosphorylation that was unaffected by G�� inhi-
bition. These findings indicate that PI3-K� (regulated by
G��) may represent a novel molecular locus for eNOS
activation by EDG receptors in vascular endothelial
cells. These studies also indicate that different eNOS
agonists activate distinct signaling pathways that di-
verge proximally following receptor activation but con-
verge distally to activate eNOS.

The endothelial isoform of nitric-oxide synthase (eNOS)1

modulates diverse vascular functions, including blood pressure
regulation, inhibition of platelet aggregation, and angiogenesis
(reviewed in Ref. 1). eNOS activity is complexly modulated by
a wide array of physiological and pathophysiological stimuli,
including hormones such as bradykinin (2), growth factors such
as vascular endothelial growth factor (VEGF) (3), and mechan-
ical stimuli (4). However, the differences and similarities of the
proximal signaling pathways elicited by these diverse eNOS
activators remain less well understood.

We recently discovered that sphingosine 1-phosphate (S1P),
a novel sphingolipid mediator derived from platelets, robustly
activates eNOS (5). The roles of S1P in eNOS regulation have
since been explored in several experimental systems (6–8).
S1P exerts diverse biological responses including cell migra-
tion, survival, proliferation, and differentiation (reviewed in
Ref. 9); eNOS activation elicited by S1P may represent an
important molecular locus of sphingolipid-mediated responses.
Importantly, the magnitude of eNOS activation by S1P in cul-
tured endothelial cells is equivalent to that elicited by the
classical eNOS agonist bradykinin (6), suggesting the quanti-
tative importance of eNOS regulation by S1P. eNOS activation
by S1P is mediated by G protein-coupled receptors termed EDG
receptors (for review, see Ref. 10). EDG stimulation by S1P
mediates eNOS phosphorylation at Ser-1179 (6), a putative site
for the protein kinase Akt (11, 12). S1P activation of EDG led to
marked enzyme activation of kinase Akt in vascular endothe-
lial cells (6, 8). However, we found that bradykinin-mediated
eNOS activation appears to proceed independently of eNOS
Ser-1179 phosphorylation or activation of Akt (6, 13), suggest-
ing the presence of important differences between the signaling
events elicited by these two G protein-coupled receptor
pathways.

The protein kinase Akt is modulated by its upstream regu-
lator phosphoinositide 3-kinase (PI3-K; for review, see Refs. 14
and 15). PI3-K is a lipid kinase that mediates signal transduc-
tion pathways connecting cell surface receptors, including re-
ceptor tyrosine kinases as well as G protein-coupled receptors,
to their downstream effectors, including protein kinase Akt,
ultimately leading to diverse cellular responses including mor-
phogenesis, survival, and metabolic regulation (14, 15). There
are at least four independent isoforms of PI3-K as follows:
PI3-K�, -�, -�, and -�. Stimulation of G protein-coupled recep-
tors in some cellular systems may lead to the activation of
PI3-K� or PI3-K� (15–21), whereas the PI3-K� or PI3-K� iso-
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forms have not been found previously to be modulated by G
protein-coupled receptors. The identity of the PI3-K isoform(s)
expressed in vascular endothelial cells, the regulation of PI3-K
by the S1P/EDG receptor pathway, and the proximal signaling
pathways that connect S1P/EDG with PI3-K, all remain to be
elucidated. In the present report, we studied the regulation of
the PI3-K-dependent signaling pathways that connect EDG
stimulation by S1P to eNOS phosphorylation and enzyme
activation.

EXPERIMENTAL PROCEDURES

Materials—Fetal bovine serum (FBS) was from HyClone (Logan,
CT). FuGENE6 transfection reagent was from Roche Molecular Bio-
chemicals. All other cell culture reagents and media were from Life
Technologies, Inc. S1P and dihydro-S1P (sphinganine 1-phosphate)
were from Biomol (Plymouth Meeting, PA). Purified G protein �� sub-
unit (derived from bovine brain) and 1,2-bis-O-aminophenoxyethane-N,
N,N�,N�-tetraacetic acid tetra(acetoxymethyl) ester (BAPTA) were from
Calbiochem. Polyclonal anti-PI3-K�, anti-PI3-K�, anti-PI3-K�, anti-
p85, anti-�-adrenergic receptor kinase-1 (�ARK-1), and anti-hemagglu-
tinin (HA) epitope antibodies were from Santa Cruz Biotechnology.
Anti-HA monoclonal antibody (12CA5) was from Roche Molecular
Biochemicals. Agarose-conjugated monoclonal anti-phosphotyrosine
antibody (4G10) and polyclonal anti-Myc epitope antibody were from
Upstate Biotechnology, Inc. (Lake Placid, NY). Anti-phospho-eNOS an-
tibody (phosphoserine 1179 in bovine eNOS sequence), anti-phospho-
Akt antibody (Ser-473), anti-Akt antibody, and anti-phospho-ERK1/2
antibody (Thr-202/Tyr-204) were from Cell Signaling Technologies
(Beverly, MA). Anti-eNOS monoclonal antibody was from Transduction
Laboratories (Lexington, KY). SuperSignal substrate for chemilumines-
cence detection and secondary antibodies conjugated with horseradish
peroxidase were from Pierce. L-[3H]Arginine was from Amersham Phar-
macia Biotech. [�-32P]ATP was from ICN (Costa Mesa, CA). Protein
determinations were made with the Bio-Rad Protein Assay Kit. All
other materials, including anti-FLAG monoclonal antibody, were from
Sigma.

Plasmids—cDNA encoding full-length human EDG-1 receptor
epitope tagged with FLAG peptide (FLAG/EDG-1 (22), provided by
Timothy Hla (University of Connecticut)) was subcloned into pcDNA3
(Invitrogen) (5). Full-length wild type bovine eNOS cDNA, epitope-
tagged with HA peptide (eNOS/HA), subcloned into pBK-CMV, was
described previously (23). Full-length wild type murine Akt1 cDNA,
epitope-tagged with Myc peptide (Akt/Myc), subcloned into pUSEamp,
was from Upstate Biotechnology, Inc. cDNA encoding C-terminal frag-
ment peptide of bovine �ARK-1 (�ARKct, described in Ref. 24), sub-
cloned into pRK5, was provided by Robert J. Lefkowitz (Duke Univer-
sity). cDNA encoding full-length pig PI3-K�, subcloned into pcDNA3
(described in Ref. 16), was provided by Phillip T. Hawkins (Babraham
Institute, Cambridge, UK).

Cell Culture and Transfection—BAEC were obtained from Cell Sys-
tems (Kirkland, WA) and maintained in culture as described (25). In
some cultures, BAEC in a 100-mm dish were co-transfected with plas-
mid cDNAs encoding eNOS/HA (1 �g) and/or �ARKct (3 �g) using
FuGENE6 following the supplier’s protocol and were analyzed 48 h
following transfection.

COS-7 cells were maintained in culture as described previously (26).
The day before transfection, the cells were split at a ratio of 1:8 in
DMEM containing 10% FBS. Cells in a 60-mm dish were co-transfected
with cDNAs encoding FLAG/EDG-1, eNOS/HA, Akt/Myc, and/or
�ARKct (0.5 �g each) using FuGENE6. In some experiments, cells in a
100-mm dish were transfected with plasmid cDNA encoding PI3-K� (6
�g). COS-7 cells were used for experiments 48 h after transfection. For
both BAEC and COS-7 cells, culture medium was changed to serum-
free medium and incubation proceeded overnight prior to all experi-
ments to exclude the effects of S1P contained in FBS (6, 27). Drug
treatments were performed exactly as described previously (6, 13).

Lipid Kinase Assay—The enzyme activity of PI3-K in BAEC was
determined in vitro essentially as described previously (28–30). Briefly,
cells in a 100-mm dish were washed with ice-cold phosphate-buffered
saline and harvested in 1 ml of lysis buffer comprising Tris (20 mM, pH
7.5), Nonidet P-40 (1% v/v), Na3VO4 (1 mM), NaF (50 mM), NaCl (137
mM), MgCl2 (1 mM) and CaCl2 (1 mM), supplemented with a mixture of
protease inhibitors (as described in Ref. 31). Harvested cells were in-
cubated at 4 °C for 20 min with rocking and then centrifuged at
14,000 � g for 5 min. The protein concentration in the resulting super-
natant was determined, and the samples were adjusted to an equal

amount of cellular protein (750 �g) in a volume of 500 �l with lysis
buffer. The cell lysate was then pre-cleared with 1.5 �g of the corre-
sponding non-immune IgG plus protein A (or G)-agarose beads for 30
min at 4 °C. After a brief centrifugation, the pre-cleared lysate was
immunoprecipitated at 4 °C for 1 h with 1.5 �g of antibody, followed
by the addition of protein A (or G)-agarose beads. After being incu-
bated further for 1 h, immunoprecipitates were extensively washed as
described (28).

Equal amounts of phosphatidylinositol and phosphatidylserine (Sig-
ma) were dissolved in chloroform together and dried under nitrogen.
The sample was then resuspended in HEPES buffer (10 mM, pH 7.4),
sonicated for 15 min and stored at �20 °C under nitrogen (PI/PS vesicle
(28)) to yield a phospholipid concentration of 2 mg/ml. The agarose
beads containing immunoprecipitates (prepared as above) were mixed
with an enzyme reaction solution (40 �l) containing HEPES (20 mM, pH
7.4), 20 �g of PI/PS vesicle, MgCl2 (5 mM), NaCl (40 mM), and EGTA (0.4
mM). G protein �� subunit was diluted into a buffer containing Tris-HCl
(20 mM, pH 7.4), EGTA (1 mM), NaCl (100 mM), dithiothreitol (1 mM),
and sodium deoxycholate (0.9% w/v). An aliquot (5 �l) of diluted G�� (or
its vehicle) was added to the reaction mixture. The enzyme reaction was
initiated by the addition of 5 �l of 20 �M ATP supplemented with 10 �Ci
of [�-32P]ATP (800 Ci/mmol). After incubation at 30 °C for 10 min with
vigorous shaking, enzyme reaction was terminated by the addition of
ice-cold 1 M HCl (100 �l) and chloroform/methanol (200 �l, 1:1 in v/v).
After mixing and brief centrifugation in a microcentrifuge, the upper
(aqueous) phase was discarded. The resulting lower (organic) phase (35
�l/lane) was applied to a Whatman LK6D TLC plate that had been
pretreated with 1% potassium oxalate as described (29). The plate was
then developed with a solvent system comprising chloroform/acetone/
methanol/acetic acid/water (40:15:13:12:7, v/v). After being air-dried,
the TLC plate was subjected to autoradiography. The RF value of lipid
spots corresponding to phosphatidylinositol 3-monophosphate (PI(3)P,
the principal product of PI3-K enzyme reaction) was �0.8 in this TLC
system (30). Densitometric analyses of autoradiograms were performed
using a ChemiImager 4000 (Alpha Innotech). The degree of PI3-K
activation was expressed as the fold increase of PI(3)P formation over
basal.

Immunoprecipitation and Western Blot Analyses—The preparation of
cell lysates and immunoprecipitation of HA epitope-tagged eNOS pro-
tein were performed as described previously (13). Protein expression
and the degree of protein phosphorylation were assayed by Western blot
analysis as described (6).

Quantitation of Intracellular NO Generation—eNOS enzyme activity
was quantified as the formation of L-[3H]citrulline from L-[3H]arginine,
as described previously (5, 6, 32). Briefly, cells labeled with L-[3H]argi-
nine (10 �Ci/ml) were stimulated by various concentrations of S1P (or
vehicle) at 37 °C for 10 min. The cells were then scraped into 2 ml of
solution containing 20 mM sodium acetate, 1 mM L-citrulline, 2 mM

EDTA, and 2 mM EGTA, pH 5.5, followed by sonication. The sample was
applied to Dowex 50WX8–400 column to separate L-[3H]citrulline. The
flow-through fraction was analyzed by liquid scintillation counting;
L-[3H]citrulline formation in the cells was expressed as femtomoles of
L-[3H]citrulline produced per mg of cellular protein/min. Statistical
differences were analyzed by analysis of variance followed by Scheffe’s
F test using STATVIEW II (Abacus Concepts). A p value less than 0.05
was considered statistically significant.

RESULTS

In exploring the proximal signaling pathways that couple
S1P-mediated activation of EDG receptors to the regulation of
eNOS in BAEC, we first studied the expression of PI3-K iso-
forms in these cells. To enhance the sensitivity of detecting
PI3-K isoforms, we used isoform-specific antibodies to immu-
noprecipitate PI3-K�, PI3-K�, or PI3-K�, and then we per-
formed lipid kinase activity assay using the immunoprecipi-
tated enzymes (20, 21). Note that the antibodies used in the
present study have been shown to recognize specifically each
PI3-K isoform by immunoprecipitation when used in lipid ki-
nase activity assays but that the levels of PI3-K isoform ex-
pression are typically below the limit of detection by standard
protein immunoblot techniques (20). We used phosphatidyli-
nositol as substrate for the PI3-K assay in the presence of
[�-32P]ATP. Following enzyme reaction, lipid products were
separated by TLC and detected with autoradiography. When
BAEC lysates were immunoprecipitated with antibodies spe-
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cific for PI3-K isoforms PI3-K� or PI3-K�, we detected signifi-
cant formation of 32P-labeled PI(3)P, the principal PI3-K en-
zyme product (Fig. 1), demonstrating that these antibodies led
to the immunoprecipitation of enzymatically active PI3-K mol-
ecules. When non-immune rabbit IgG was used for immuno-
precipitation instead of anti-PI3-K antibodies, there was no
PI(3)P formation (Fig. 1). When BAEC lysates were immuno-
precipitated with the anti-PI3-K� antibody, no PI(3)P forma-
tion was detectable. In order to avoid a false negative conclu-
sion with the PI3-K� antibody, we transfected COS-7 cells with
plasmid cDNA encoding PI3-K�, and we analyzed PI3-K� ac-
tivity. We detected marked PI3-K� activity in the COS-7 cells
transfected with PI3-K� but not in cells transfected with empty
vector (Fig. 1). Taken together, these data demonstrate that
BAEC contain significant PI3-K enzyme activity associated
with the PI3-K� and PI3-K� isoforms but not with PI3-K�.

Previous studies (15–21) have documented that only PI3-K�
and PI3-K�, but not PI3-K�, can be activated by G protein-
coupled receptors. Since BAEC lack the activity of PI3-K�
isoform (Fig. 1), we speculated that S1P would activate PI3-K�
in this cell type. To test this possibility, we performed time
course and dose-response experiments using S1P in BAEC and
then analyzed lipid kinase assays following immunoprecipita-
tion using antibodies specific to the PI3-K� isoform. S1P (100
nM) induced a marked increase in PI3-K� activation within 2
min, reaching a maximum �3-fold after 5 min (Fig. 2A). PI3-K�
activity gradually returned to base line by 60 min following
S1P addition. Fig. 2B shows the dose response of PI3-K� activ-
ity in immunoprecipitates derived from BAEC lysates prepared
from cells treated with increasing concentrations of S1P for 5
min. The degree of PI3-K� enzyme activation elicited by S1P
was dose-dependent with an apparent EC50 value of �30 nM

(Fig. 2B), in good agreement with the EC50 of other responses
elicited by S1P in endothelial cells (6, 9, 27, 33). These exper-
iments establish that S1P induces rapid, reversible, and dose-
dependent activation of PI3-K� in BAEC with an EC50 value in
the physiologic range. Dihydro-S1P, an analogue of S1P that
solely acts through EDG receptors (34), induced a similar de-
gree of PI3-K� activation as did S1P (Fig. 2C). Conversely,
when S1P was added not to cells, but only included in the
reaction mixture of PI3-K activity assay in vitro (shown as “S1P
post-hoc”), PI3-K� activity was not altered (Fig. 2C). These
results suggest that PI3-K� activation by S1P is mediated by
cell-surface (EDG) receptors, rather than by intracellular S1P
targets (35). PI3-K� activation by S1P was abolished both by

pertussis toxin and by the calcium chelator BAPTA (Fig. 2D),
indicating that this pathway is dependent upon pertussis tox-
in-sensitive G protein pathways and involves an agonist-
induced increase in intracellular calcium concentration. In con-
trast, PI3-K� activation by S1P was insensitive to genistein, an
inhibitor of a wide spectrum of tyrosine kinases, suggesting
that S1P activates PI3-K� independently of genistein-sensitive
tyrosine kinase pathways (Fig. 2D).

These results (Fig. 2D) implicate pertussis toxin-sensitive G
proteins in the S1P-mediated regulation of PI3-K�. As the G
protein �� subunit, rather than G�, may play a major role in
the activation of PI3-K� (17, 18, 20), we next explored the role
of G�� subunits in S1P-modulated PI3-K� activation. We first
studied the effects of purified G protein �� subunits, derived
from bovine brain, added in vitro to the immunoprecipitated
PI3-K� derived from BAEC. Fig. 3 demonstrates that the ad-
dition of G�� dramatically augments the formation of PI(3)P by
the BAEC-derived PI3-K� enzyme reaction in vitro. The appar-
ent EC50 for G�� augmentation of PI3-K� activity is �30 nM

(Fig. 3). When G�� had been denatured by boiling, PI3-K�

activity was not altered in comparison with its vehicle (Fig. 3).
When PI3-K� was immunoprecipitated from BAEC lysate in-
stead of PI3-K� using isoform-specific antibodies (Fig. 1), G��

did not affect the degree of PI(3)P formation in an identically
configured assay (data not shown). Together, these data sug-
gest that G protein �� subunits may play an important role for
S1P-mediated PI3-K� activation and subsequent signal trans-
duction events in BAEC.

After documenting that G protein �� subunits activate
BAEC-derived PI3-K� in vitro, we explored the functional role
of G�� for S1P-mediated signal transduction in intact cells. We
first exploited a heterologous expression system using tran-
siently transfected COS-7 cells as a model. Previous reports
have established that COS-7 cells express PI3-K� and PI3-K�

while lacking PI3-K� (20), a pattern of PI3-K isoform expres-
sion similar to what we observed in BAEC (Fig. 1). COS-7 cells
were co-transfected with cDNA constructs encoding FLAG/
EDG-1, Akt/Myc, and eNOS/HA. The cells were also co-trans-
fected with plasmid cDNA encoding �ARKct, a well character-
ized peptide scavenger of G protein �� subunit (24). Co-
transfected COS-7 cells were treated with S1P and subjected to
immunoblot analysis. The upper panels of Fig. 4A indicate
robust expression of heterologous proteins, concordant with the
specific plasmid cDNAs used for co-transfection. We detected
endogenous immunoreactivity of �ARK-1 at �80 kDa, whereas
transfected �ARKct proteins appeared at �30 kDa with a high
level of overexpression (Fig. 4A, middle panels). As shown in
Fig. 4A, S1P mediates the phosphorylation of eNOS at Ser-
1179 (the putative site for phosphorylation by kinase Akt) in
transfected COS-7 cells. S1P also mediates phosphorylation of
kinase Akt at Ser-473 (6, 8, 14). However, in cells co-trans-
fected with �ARKct, the phosphorylation of Akt, as well as that
of eNOS, was markedly attenuated compared with cells trans-
fected with empty vector instead of �ARKct (Fig. 4A), suggest-
ing that G�� plays a quantitatively important role in mediating
these signaling pathways. To extend these findings further, we
performed eNOS activation assays in these cells. COS-7 cells
were co-transfected with FLAG/EDG-1, Akt/Myc, and eNOS/
HA, either with or without �ARKct, and treated with increas-
ing concentrations of S1P. The degree of eNOS activation in the
transfected cells was assessed by measuring the conversion of
L-[3H]arginine to L-[3H]citrulline (5, 6, 32). S1P induced the
dose-dependent activation of eNOS in cells transfected with
FLAG/EDG-1, Akt/Myc, and eNOS/HA together with vector
control for �ARKct (Fig. 4B, closed circles). As shown in Fig. 4B,
when �ARKct was co-transfected along with these constructs,

FIG. 1. Expression of PI3-K isoforms in BAEC. Shown are the
results of in vitro PI3-K activity assay performed in cell lysates derived
from BAEC or transfected COS-7 cells. Cell lysates were prepared from
BAEC or COS-7 cells transfected with pcDNA3 (shown as COS) or with
plasmid cDNA encoding PI3-K� (shown as COS�PI3-K�). Cell lysates
were immunoprecipitated with antibodies that are specific to each
PI3-K isoform as indicated or non-immune rabbit immunoglobulin
(shown as IgG). Immunoprecipitates were then subjected to PI3-K
assay using phosphatidylinositol as substrate as described in detail
under “Experimental Procedures.” After enzyme reaction, the resulting
radiolabeled lipid products were separated by TLC and subjected to
autoradiography. The lipid spots corresponding to phosphatidylinositol
3-monophosphate (PI(3)P), the PI3-K product, are indicated. Shown are
results representative of experiments repeated independently three
times with equivalent results.
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the degree of eNOS activation elicited by S1P was significantly
attenuated (69 � 14% inhibition of eNOS activation relative to
sham-transfected controls, p � 0.01, n � 3). Together, these
data indicate that G protein �� subunits mediate signal trans-
duction pathways that couple EDG activation by S1P with
eNOS activation via PI3-K/Akt and eNOS S1179 phosphoryla-
tion in transfected COS-7 cells.

We next investigated the roles of PI3-K isoforms in modulat-
ing signaling pathways elicited by S1P in comparison with
other eNOS activators, bradykinin and VEGF, in endothelial
cells. As shown in Fig. 5A, S1P and VEGF significantly in-
crease phosphorylation of eNOS at Ser-1179 (the putative Akt
site) in BAEC, whereas bradykinin does not induce Ser-1179-
phospho-eNOS formation in this experimental setting. By per-
forming immunoblot analysis using anti-phospho-Akt anti-
body, we also found a concomitant formation of phospho-Akt
induced by S1P and VEGF but not by bradykinin (Fig. 5A). By
contrast, mitogen-activated protein kinases ERK1/2 are simi-
larly phosphorylated (activated) by all three eNOS activators,
S1P, VEGF, as well as bradykinin. By using identical cell
preparations, we also studied the degree of eNOS enzyme
activation by these agonists by measuring the conversion of
L-[3H]arginine to L-[3H]citrulline (described above). As indi-

described above. Inset indicates data from a representative experiment,
which was performed three times with equivalent results. The signal
intensity of PI(3)P in each data point was analyzed with densitometry
and normalized by the signal present in vehicle-treated cell lysate. Each
data point in the graph represents mean � S.E. derived from three
independent preparations. C, BAEC were treated with S1P (100 nM) or
S1P-analogue dihydro-S1P (100 nM) for 5 min as indicated and sub-
jected to PI3-K� activity assay. In some cultures, instead of treating
cells before harvesting, S1P (1 �M) was included into the in vitro lipid
kinase reaction mixture (shown as S1P post-hoc). Shown are the results
of a representative experiment, which was repeated three times with
equivalent results. D shows pharmacological characterization of PI3-K�
activation by S1P. Prior to S1P treatment (100 nM for 5 min), BAEC
were treated with pertussis toxin (PTx, 50 ng/ml for overnight), BAPTA
(20 �M for 30 min), or genistein (10 �M for 30 min) and then subjected
to PI3-K� activity assay as described above. Shown are results repre-
sentative of experiments repeated independently three times with
equivalent results.

FIG. 2. Activation of � isoform of PI3-K by S1P in BAEC. Shown
are the results of in vitro PI3-K activity assays in cell lysates derived
from BAEC. Cell lysates were immunoprecipitated (IP) with an anti-
body specific to the � isoform of PI3-K (PI3-K�); immunoprecipitates
were subjected to lipid kinase assay as described in detail under “Ex-
perimental Procedures.” After enzyme reaction, the resulting radiola-
beled lipid products were separated by TLC and subjected to autora-
diography. The lipid spots corresponding to PI(3)P, the PI3-K product,
are shown. A shows the results of time course experiments of PI3-K�
activity in S1P-treated BAEC. Cells were treated with S1P (100 nM) up
to 60 min as indicated. The inset shows the representative data of a
PI3-K� activity assay, which was performed four times with equivalent
results. The signal intensity of PI(3)P in each data point was analyzed
with densitometry and normalized by the signal present at t � 0. Each
data point in the graph represents the mean � S.E. derived from four
independent preparations. B shows the results of dose-response exper-
iments of PI3-K� activity assay in S1P-treated BAEC lysates. Cells
were treated for 5 min with increasing concentrations of S1P as indi-
cated; BAEC-derived PI3-K� activity was measured and presented as

FIG. 3. The effects of G protein �� subunit for BAEC-derived
PI3-K�. Shown are the results of an in vitro PI3-K� activity assay
performed in the presence of varying concentrations of G protein ��
subunit. Equal amounts of BAEC lysate were immunoprecipitated (IP)
with an antibody specific for PI3-K�. Immunoprecipitates were then
subjected to PI3-K assay as described in detail under “Experimental
Procedures” in the presence of increasing concentrations of G protein ��
subunit (G��) as indicated. Inset indicates the radiolabeled lipid spots
corresponding to PI(3)P, the PI3-K product. In the far right lane, G�� (1
�M) had been boiled at 95 °C for 5 min before the addition to PI3-K
reaction mixture. Shown are the representative data of three independ-
ent experiments. The signal intensity for each data point was analyzed
by densitometry and normalized by the signal present in the absence of
G��. Each data point in the graph represents mean � S.E. derived from
three independent experiments.
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cated in Fig. 5B, S1P and bradykinin induced marked eNOS
activation, and VEGF elicited an even higher degree of eNOS
activation in BAEC. These results indicated that S1P, brady-
kinin, and VEGF activate eNOS, whereas the degree of eNOS
Ser-1179 phosphorylation by kinase Akt differs importantly
among these three agonists (Fig. 5B).

We next studied the role of the G protein �� subunit in eNOS
Ser-1179 phosphorylation in endothelial cells, using the same
�ARKct overexpression strategy as described above. Since
these cells already express eNOS, and since only a small frac-
tion of cells can be successfully transfected in primary cultures
such as BAEC, we chose to transfect an eNOS construct

epitope-tagged with the HA peptide (23). By this approach, we
hoped to identify the effects of �ARKct proteins only in the
fraction of successfully transfected cells by using the HA anti-
body to immunoisolate HA epitope-tagged eNOS, thereby re-
solving the eNOS in transfected cells from endogenous eNOS in
BAEC. BAEC were co-transfected with plasmid cDNAs encod-
ing eNOS/HA as well as �ARKct (or its control vector); the
upper panels of Fig. 6 demonstrate the expression of trans-
fected eNOS/HA and �ARKct proteins in cell lysates derived
from these cells, concordant with the plasmid DNAs trans-
fected. The transfected cell cultures were treated with S1P,
bradykinin, or VEGF using identical conditions as shown above
(Fig. 5), and cell lysates were immunoprecipitated with an
antibody directed against the HA epitope; immunoblots were
probed with anti-phospho-eNOS antibody. As shown in Fig. 6,
S1P as well as VEGF, but not bradykinin, induced marked

FIG. 4. Effects of �ARKct on S1P-mediated signal transduction
of Akt and eNOS in COS-7 cells co-transfected with EDG-1, Akt,
and eNOS. A, effects of �ARKct on S1P-mediated phosphorylation of
Akt and eNOS. Shown are the results of Western blot analyses in
COS-7 cells co-transfected with cDNA encoding FLAG/EDG-1, Akt/Myc,
and eNOS. In some cells, �ARKct, a peptide inhibitor of G protein ��
subunit was co-transfected, as indicated. The total DNA amount was
normalized with ”empty“ vector plasmid DNA for each transfection.
Cells were treated with S1P (100 nM for 5 min) or vehicle; cell lysates
(20 �g/lane) were separated by SDS-PAGE and probed using antibodies
directed against the FLAG epitope, Myc epitope, eNOS, �ARK-1, phos-
pho-Akt (Ser-473), or phospho-eNOS (Ser-1179) as indicated. Shown
are the results of a representative experiment that was independently
replicated three times with equivalent results. B, effects of �ARKct on
S1P-mediated eNOS activation. Shown are the results of eNOS activity
assays performed in COS-7 cells co-transfected with FLAG/EDG-1,
Akt/Myc, and eNOS together with/without �ARKct. The total DNA
amount was normalized with empty vector plasmid DNA for each
transfection. Cells were treated with increasing concentrations of S1P
and subjected to eNOS activation assay as described in detail under
“Experimental Procedures.” Each data point represents the mean �
S.E. derived from three independent cell preparations, each performed
in duplicate. Closed circles, data derived from cells co-transfected with
pRK5 vector plasmid DNA. Open circles, data derived from cells co-
transfected with cDNA encoding �ARKct.

FIG. 5. eNOS phosphorylation and enzyme activation by S1P,
bradykinin, and VEGF in BAEC. A, effects of S1P, bradykinin, and
VEGF on phosphorylation of eNOS, Akt, and ERK1/2. Shown are the
results of immunoblots probed with antibodies directed against phos-
phorylated forms of eNOS, Akt, and ERK1/2. BAEC were treated with
S1P (100 nM), bradykinin (BK, 1 �M), or VEGF (20 ng/ml) for 5 min. An
equal amount of cell lysate (20 �g/lane) was resolved by SDS-PAGE,
transferred to a nitrocellulose membrane, and probed with antibodies
directed against phospho-eNOS, phospho-Akt, and phospho-ERK1/2, as
indicated. Equal loading of samples was confirmed by re-probing the
immunoblots with antibodies against (total) eNOS and Akt. Shown are
the results from a representative data from an experiment that was
independently repeated three times with equivalent results. B, the
effects of S1P, bradykinin, and VEGF on eNOS activation and phospho-
rylation. Shown are the results of eNOS activity assays performed in
BAEC treated with S1P (100 nM), bradykinin (1 �M), or VEGF (20
ng/ml). Nitric-oxide synthase activity was quantitated as L-[3H]citrul-
line formation from L-[3H]arginine as described in detail under “Exper-
imental Procedures.” Each data point, shown as open bars, represents
the mean � S.E. derived from four independent cell preparations, each
performed in triplicate. The degree of eNOS phosphorylation derived
from immunoblot analyses shown in A was quantified using a chemi-
luminescence detector. The degree of eNOS Ser-1179 phosphorylation
over basal was represented by the shaded bars. Each data point repre-
sents the mean � S.E. derived from three independent cell
preparations.
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eNOS Ser-1179 phosphorylation as detected in the transfected
eNOS/HA immunoprecipitates. Significantly, the overexpres-
sion of �ARKct attenuated S1P-mediated, but not VEGF-me-
diated, eNOS phosphorylation. Taken together, these experi-
ments in BAEC strongly suggest that G protein �� subunits
play an important role in mediating eNOS Ser-1179 phospho-
rylation elicited by S1P, but not by VEGF, in native endothelial
cells.

We next sought to explore the differences and similarities of
PI3-K regulation elicited by S1P, bradykinin, and VEGF in
BAEC. We first examined whether bradykinin mediates acti-
vation of any of the PI3-K isoforms in endothelial cells. BAEC
were treated with bradykinin (1 �M) or S1P (100 nM) for the
time indicated; cell lysates derived from these BAEC were
immunoprecipitated with antibodies specific to PI3-K� or
PI3-K� (Fig. 7A). Bradykinin did not induce activation of
PI3-K� or PI3-K�, whereas under identical conditions S1P
activated the PI3-K � isoform only (Fig. 7A). This is consistent
with the fact that bradykinin does not activate kinase Akt or
induce Ser-1179-phospho-eNOS formation in these cells while
S1P does so (Fig. 5 and 6). Next, we compared the effects of S1P
with those of VEGF on PI3-K regulation. BAEC were treated
with S1P (100 nM) or VEGF (20 ng/ml) for 5 min. As shown in
Fig. 7B, PI3-K� was activated by VEGF but not by S1P. In
contrast, PI3-K� was activated both by S1P and by VEGF, thus
suggesting the presence of different regulatory pathways prox-
imal to PI3-K. Previous reports have shown that p85, a regu-
latory subunit of PI3-K, mediates VEGF-induced PI3-K activa-
tion, associated with the activation of various tyrosine kinases
(reviewed in Ref. 36). To assess the involvement of these mech-
anisms for S1P-mediated PI3-K regulation, cell lysates derived
from BAEC treated with S1P or VEGF were immunoprecipi-

tated with antibodies specific to p85 or phosphotyrosine and
analyzed for PI3-K activity (Fig. 7B). Basal PI3-K activity in
immunoprecipitates derived from resting cells was very low
(Fig. 7B). VEGF, but not S1P, induced a significant augmen-
tation of PI3-K enzyme activity associated with p85 or with
phosphotyrosine.

DISCUSSION

These studies provide several lines of evidence that S1P
modulates the isoform-specific activation of PI3-K� in BAEC,
and they further suggest that G protein �� subunits play a key
role in S1P-mediated eNOS regulation via the PI3-K�/Akt
pathway. We found that BAEC express significant PI3-K en-
zyme activity associated with the isoforms PI3-K� and PI3-K�
but not with PI3-K� (Fig. 1). This is consistent with previous
observations that � and � isoforms of PI3-K are ubiquitously
expressed, whereas the PI3-K� isoform shows a more restricted
expression pattern (15). We documented that S1P modulates
PI3-K� activation in BAEC (Fig. 2). S1P-mediated activation of
PI3-K� was rapid, reversible (Fig. 2A), and dose-dependent
(Fig. 2B). The time course and dose dependence of PI3-K�
activation by S1P are in good agreement with those observed
for S1P-mediated regulation of Akt activation as well as eNOS
Ser-1179 phosphorylation (6), consistent with the hypothesis
that PI3-K� is the upstream regulator of eNOS activation by
S1P via protein kinase Akt.

Several lines of evidence help to establish that S1P activa-
tion of PI3-K� is mediated by cell-surface (EDG) receptors
rather than by its intracellular or nonspecific membrane ac-

FIG. 6. Effects of �ARKct overexpression on eNOS Ser-1179
phosphorylation mediated by S1P, bradykinin, and VEGF in
BAEC. Shown are the results of Western blot analysis of cell lysates
derived from BAEC that had been co-transfected with plasmid cDNAs
encoding eNOS/HA together with �ARKct (or its vector control), as
indicated. Two days after transfection, cells were treated with S1P (100
nM), bradykinin (BK, 1 �M), or VEGF (20 ng/ml) for 5 min. An aliquot
(20 �g/lane) of cell lysate was withdrawn and separated by SDS-PAGE,
transferred to a nitrocellulose membrane, and subjected to immunoblot
analysis (top 3 panels; indicated as Lysate), using polyclonal antibodies
directed for HA epitope or for �ARK-1. Signals corresponding to
eNOS/HA (transfected), �ARK-1 (endogenous), and �ARKct (trans-
fected) are shown. The remaining samples were immunoprecipitated
with a monoclonal antibody directed against the HA epitope (bottom
panel, indicated as IP: HA). Immunoprecipitates were separated by
SDS-PAGE, transferred to a nitrocellulose membrane, and probed with
an antibody specific to Ser-1179-phospho-eNOS (signals are indicated
as phospho-eNOS). The membrane was re-probed with a polyclonal
antibody specific to HA epitope to confirm the equal loading of total
eNOS/HA (data not shown). The results shown are representative of
experiments that were repeated independently three times with iden-
tical results.

FIG. 7. Differential regulation of PI3-K activity by S1P, brady-
kinin, and VEGF in BAEC. Shown are the results of in vitro PI3-K
activity assay in cell lysates derived from BAEC, immunoprecipitated
with various antibodies as indicated. Immunoprecipitates were ana-
lyzed in lipid kinase assay as described in detail under “Experimental
Procedures,” using phosphatidylinositol as a substrate. After enzyme
reaction, the resulting radiolabeled lipid products were separated by
TLC and subjected to autoradiography. The lipid spots corresponding to
phosphatidylinositol 3-monophosphate (PI(3)P), the PI3-K product, are
shown. A indicates the results of PI3-K assays in cell lysates derived
from BAEC treated with bradykinin (BK, 1 �M) or S1P (100 nM) for the
times indicated. Cell lysates were immunoprecipitated with antibodies
specific to PI3-K� or PI3-K�; shown are representative results of ex-
periments performed three times with equivalent results. B shows the
results of PI3-K activity assays in BAEC treated with S1P (100 nM) or
VEGF (20 ng/ml) for 5 min. Cell lysates were immunoprecipitated with
antibodies directed against PI3-K�, PI3-K�, p85 (a regulatory subunit
of PI3-K), or phosphotyrosine (shown as PY), as indicated, and analyzed
by lipid kinase assays as described above. Shown are results represent-
ative of experiments independently replicated three times with equiv-
alent results.
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tions. First, we found that S1P rapidly and potently induced
PI3-K� activation with an EC50 of 30 nM, and we established
that the post hoc addition of S1P to PI3-K reaction in vitro was
without effect (Fig. 2). Furthermore, dihydro-S1P, which lacks
intracellular actions while robustly activating cell-surface EDG
receptors, mimicked S1P activation of PI3-K� in BAEC. Fi-
nally, pertussis toxin completely abolished PI3-K� activation
by S1P (Fig. 2). It is noteworthy that BAEC appear to express
several subtypes of EDG receptors, including EDG-1 and
EDG-3 (27, 37), and each EDG subtype may be differentially
coupled to G protein subunits (38). Although the overexpres-
sion of EDG-1 subtype was sufficient to mediate eNOS activa-
tion by S1P in heterologous expression systems (Fig. 4, also see
Refs. 5 and 6), eNOS regulation by each EDG subtype in native
endothelial cells is less well understood. However, the results
of our own (current studies and Ref. 6) as well as those of other
investigators (7, 8) demonstrate that pertussis toxin is capable
of markedly attenuating S1P-mediated eNOS activation in sev-
eral types of vascular endothelial cells. Thus, these EDG re-
ceptor responses are mediated by pertussis toxin-sensitive G
proteins (namely G�i or G�i-associated G��). These results
suggest that only the subsets of EDG receptors that modulate
pertussis toxin-sensitive responses are involved in mediating
the effects of S1P on eNOS regulation.

Previous observations (17, 18, 20) have suggested that G
protein �� subunits, rather than G�, mediate PI3-K� activa-
tion in some cellular systems. Our results indicate that BAEC-
derived PI3-K� can be robustly activated by G�� in vitro (Fig.
3). We extended these findings by studying intact cells by
overexpressing �ARKct, a well established peptide inhibitor of
G protein �� subunit functions (24). In co-transfected COS-7
cells, the overexpression of �ARKct markedly attenuated not
only S1P-mediated phosphorylation of Akt as well as that of
eNOS (Fig. 4A) but also S1P-elicited eNOS enzyme activation
(Fig. 4B). In BAEC, �ARKct overexpression markedly attenu-
ated S1P-mediated, but not VEGF-mediated, eNOS Ser-1179
phosphorylation (Fig. 6), indicating the functional importance
of G protein �� subunits in mediating eNOS regulation by S1P
in native endothelial cells. Given the importance of eNOS Ser-
1179 phosphorylation for eNOS enzyme activation by S1P (6),
the current results strongly suggest that G protein �� subunits
activate proximal signaling pathways that modulate eNOS
stimulation by S1P in vascular endothelial cells. These results
may also identify PI3-K� (activated by G protein �� subunits)
as a novel molecular locus for eNOS regulation, modulated by
G protein-coupled EDG receptors in vasculature. The molecu-
lar basis whereby G protein �� subunits regulate PI3-K� is not
fully understood. For the � isoform of PI3-K, the novel PI3-K
regulatory subunit P101 activates PI3-K� following its binding
with G�� (16). The role, if any, of PI3-K regulatory subunit
remains less well understood in regulation of PI3-K� by G��. It
is possible that G�� directly binds to and activates PI3-K�, as
has been observed for several other signaling proteins that are
activated by G protein �� subunits (reviewed in Ref. 39).

Bradykinin is a well established eNOS activator that acts
through bradykinin B2 receptors that are coupled via G protein
�q subunit (for review see Ref. 40). Our results (Figs. 5, 6, and
7A) clearly demonstrate that bradykinin robustly activates
eNOS under the same conditions in which bradykinin neither
activates any PI3-K isoform nor activates kinase Akt nor phos-
phorylates eNOS at Ser-1179 in BAEC (also see Refs. 6 and 13).
In contrast to these findings, Harris et al. (41) have recently
presented data indicating that bradykinin may indeed induce
eNOS Ser-1179 phosphorylation via PI3-K/Akt pathway. Al-
though our data and the experiments reported by Harris et al.
(41) utilize the same cell culture model (BAEC), the apparent

discrepancy may derive from differences in cell culture meth-
ods, the utilization of different phospho-eNOS antibodies, or
other differences in experimental conditions. Moreover, there is
an internal inconsistency in the report of Harris et al. (41);
these authors reported that the PI3-K inhibitor wortmannin
did not alter eNOS enzyme activation by bradykinin, despite
their observation that wortmannin abolished bradykinin-in-
duced eNOS Ser-1179 phosphorylation. These results of Harris
et al. (41) thus actually suggest that bradykinin does not acti-
vate eNOS via the PI3-K pathway, so in fact the basic conclu-
sions are consistent with our previous (6) and current observa-
tions. We therefore believe that preponderance of data suggest
that bradykinin-mediated eNOS Ser-1179 phosphorylation by
kinase Akt has minimal, if any, effect on eNOS enzyme regu-
lation by this nonapeptide hormone.

Our results also indicate important differences between S1P-
and VEGF-induced PI3-K activation. S1P activates PI3-K�

independently of tyrosine kinase pathways, but S1P does not
modulate the activity of PI3-K� isoform. In contrast, VEGF is
capable of activating both PI3-K� and PI3-K� isoforms, a path-
way that appears to involve the recruitment of the PI3-K reg-
ulatory subunit p85 (Fig. 7B). Note that p85, which is regulated
by tyrosine kinase pathways, can associate with and regulate
both PI3-K� and PI3-K� isoforms (15). It is interesting to
speculate that the ability of VEGF to activate both � and �

isoforms of PI3-K may explain the greater magnitude of VEGF-
mediated Akt activation (and thereby eNOS Ser-1179 phospho-
rylation) compared with S1P (Fig. 5). The complexity of PI3-K/
Akt pathway regulation, wherein multiple protein/lipid
kinases/phosphates as well as a number of accessory proteins
regulate and interact with one another (15, 36), provides many
possible points of cross-talk within this pathway. Our present
studies show several substantive differences and similarities of
PI3-K regulation by these two important eNOS activators, S1P
and VEGF, in vascular endothelial cells.

The physiological consequence of eNOS activation by S1P is
less well understood. S1P inhibits apoptotic responses in endo-
thelial cells (33), and the nitric-oxide synthase inhibitor N-
monomethyl-L-arginine is able to abolish the anti-apoptotic
actions of S1P (7). Thus eNOS activation may mediate survival
signals of S1P in endothelial cells. It was also documented that
eNOS activation by VEGF (42–44), but not that by S1P (8),
induces chemotactic responses in endothelial cells. Based upon
the current observations (Fig. 7B), we propose that this differ-
ence may be attributable to the divergence of regulatory mech-
anisms at a level proximal to eNOS regulation, possibly involv-
ing the distinct PI3-K isoforms activated by these different
agonists (Fig. 7). Interestingly, Hobson et al. (45) recently re-
ported that platelet-derived growth factor induces secretion of
S1P, resulting in the subsequent trans-activation of EDG re-
ceptors in an autocrine or paracrine manner, leading to the
augmentation of motility in the transfected HEK 293 cells.
Since endothelial cell activation may be accompanied by an
increase in intracellular S1P levels (46, 47), stimulation with
VEGF or some other growth factors may lead to the secretion of
S1P and subsequent trans-activation of EDG pathways in en-
dothelial cells. If this is the case, the targeting of EDG recep-
tors to the sphingolipid-enriched micro-compartment of the
plasma membrane termed caveolae (5) may facilitate the inter-
actions of these receptors with the S1P ligand upon secretion.
Furthermore, effector molecules downstream of EDG receptors
are also specifically compartmentalized to caveolae, which
themselves are enriched in PI3-K (48), phosphatidylinositol
4,5-bisphosphate, the in vivo lipid substrate for PI3-K (49), as
well as eNOS (50). Thus, caveolae may also serve to facilitate
the interactions of EDG receptors with their downstream effec-
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tors as well as their sphingolipid ligands.
The isoform-specific regulation of PI3-K may also have im-

plications for modulating the effects of S1P on eNOS expressed
in cell types other than vascular endothelial cells. For example,
both cardiac myocytes as well as blood platelets express eNOS
(51, 52) as well as EDG receptors (53, 54). The role of the
S1P/EDG/PI3-K/Akt pathways in eNOS regulation remains
less well understood in these cell types. In cardiac myocytes, it
is known that PI3-K�, rather than PI3-K�, seems to be the
major PI3-K isoform regulated by G protein-coupled receptors
(21, 55, 56). Thus, it is plausible that PI3-K� may mediate
eNOS regulation by EDG receptors in cardiomyocytes. These
considerations add another level of complexity to our under-
standing of the cell- and receptor-specific regulation of eNOS
phosphorylation pathways.

In conclusion, we have provided evidence that S1P, a plate-
let-derived sphingolipid mediator, modulates the isoform-spe-
cific regulation of PI3-K� via G protein-coupled EDG receptors.
The G protein �� subunit appears to play a major role in
mediating proximal signaling pathways connecting the activa-
tion of EDG receptors by S1P to the activation of PI3-K� and
ultimately leading to eNOS regulation by the protein kinase
Akt. The classical eNOS agonist bradykinin does not activate
any PI3-K isoform, while robustly activating eNOS via G pro-
tein-coupled bradykinin B2 receptors. VEGF activates both
PI3-K� and -� isoforms in BAEC through tyrosine kinase path-
ways, leading to even higher degree of eNOS activation. Thus,
the signaling pathways elicited by these eNOS agonists diverge
proximally following receptor activation but converge distally
at the level of eNOS. We propose that the identification of novel
points of control in nitric oxide-dependent signal transduction
in the vasculature may derive from a deeper understanding of
the divergence and convergence of the receptor-regulated ki-
nase pathways.
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