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The endothelial isoform of nitric-oxide synthase
(eNOS) is regulated by a complex pattern of post-trans-
lational modifications. In these studies, we show that
eNOS is dynamically regulated by S-nitrosylation, the
covalent adduction of nitric oxide (NO)-derived nitrosyl
groups to the cysteine thiols of proteins. We report that
eNOS is tonically S-nitrosylated in resting bovine aortic
endothelial cells and that the enzyme undergoes rapid
transient denitrosylation after addition of the eNOS ag-
onist, vascular endothelial growth factor. eNOS is there-
after progressively renitrosylated to basal levels. The
receptor-mediated decrease in eNOS S-nitrosylation is
inversely related to enzyme phosphorylation at Ser''?,
a site associated with eNOS activation. We also docu-
ment that targeting of eNOS to the cell membrane is
required for eNOS S-nitrosylation. Acylation-deficient
mutant eNOS, which is targeted to the cytosol, does not
undergo S-nitrosylation. Using purified eNOS, we show
that eNOS S-nitrosylation by exogenous NO donors in-
hibits enzyme activity and that eNOS inhibition is re-
versed by denitrosylation. We determine that the cys-
teines of the zinc-tetrathiolate that comprise the eNOS
dimer interface are the targets of S-nitrosylation. Muta-
tion of the zinc-tetrathiolate cysteines eliminates eNOS
S-nitrosylation but does not eliminate NO synthase ac-
tivity, arguing strongly that disruption of the zinc-tetra-
thiolate does not necessarily lead to eNOS monomeriza-
tion in vivo. Taken together, these studies suggest that
eNOS S-nitrosylation may represent an important mech-
anism for regulation of NO signaling pathways in the
vascular wall.

Nitric oxide (NO)! is a reactive free radical gas that plays a
central role in diverse signaling pathways (reviewed in Ref. 1).
In mammals, NO is synthesized by three synthases responsible
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for (patho)physiologic NO signaling in the immune, neurologi-
cal, and cardiovascular systems (reviewed in Ref. 2). Vascular
endothelial cells robustly express the endothelial isoform of NO
synthase (eNOS), a constitutive 135-kDa protein that is central
to homeostatic mechanisms such as vasorelaxation, regulation
of myocardial contractility, and blood platelet aggregation (re-
viewed in Ref. 3). Similar to all NO synthase (NOS) isoforms,
eNOS functions as an obligate homodimer through an associ-
ation mediated by a cysteine-complexed Zn%" (zinc-tetrathio-
late) at the dimer interface (4—6). eNOS activity is regulated by
several dynamic phosphorylations and protein-protein interac-
tions (reviewed in Ref. 7) that can be modulated following the
activation of cell surface receptors by agonists such as the
vascular endothelial growth factor (VEGF) (8).

In its canonical signaling role, NO acts as an intracellular
messenger that increases cGMP concentration in target cells by
activating guanylate cyclases (9). However, NO is also believed
to signal through a guanylate cyclase-independent mechanism
mediated by the interaction of reactive nitrogen oxides with the
reduced cysteines of proteins, forming cysteine S-nitrosothiols
that can effect changes in protein function (10). This process
has been termed “S-nitrosylation” and appears to be a physio-
logically significant post-translational modification with func-
tional consequences for signal protein activity (reviewed in Ref.
11). Dynamic receptor-modulated S-nitrosylation of a signal
protein has not been reported previously, and the role of re-
versible S-nitrosylation in cellular signal transduction remains
incompletely understood (11).

In this paper, we report that eNOS is tonically S-nitrosylated
in bovine aortic endothelial cells (BAEC) and that the enzyme
undergoes rapid transient denitrosylation after the addition of
the eNOS agonist, VEGF or insulin. eNOS is thereafter pro-
gressively renitrosylated on a time course parallel to that of its
return to resting activity levels after receptor-mediated activa-
tion. These studies also provide evidence that eNOS S-nitrosyl-
ation reversibly attenuates enzyme activity and identify a
potentially important pathway for eNOS regulation.

EXPERIMENTAL PROCEDURES

Materials—Fetal bovine serum was from Hyclone (Logan, UT). All of
the other cell culture reagents were from Invitrogen. VEGF, diethyl-
amine-NONOate (DEA/NO), and wortmannin were from Calbiochem.
Anti-eNOS monoclonal antibody was from Transduction Laboratories
(Lexington, KY), and anti-phospho-eNOSSe™117® antibody (phospho-
Ser''”” in the human eNOS sequence) was from Cell Signaling Tech-
nologies (Beverly, MA). Polyclonal antibodies against eNOS phospho-
Ser''® eNOS phospho-Thr*®? (phospho-Thr*°® in the human sequence),
and the HA epitope were from Upstate Biotechnology (Lake Placid,
NY). Polyclonal eNOS anti-serum raised in rabbits in this laboratory
was described previously (12). Monoclonal antibody 12CA5 used for
immunoprecipitation of HA epitope-tagged eNOS was from Roche Ap-
plied Science. Anti-HA monoclonal antibody for immunoblot, and pro-
tein-A/G-agarose was from Santa Cruz Biotechnology (Santa Cruz, CA).
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Alexa Fluor 568 anti-rabbit IgG secondary antibody was from Molecu-
lar Probes (Eugene, OR). SuperSignal substrate for chemiluminescence
detection, Immunopure IgG elution buffer, biotin-HPDP, and horserad-
ish peroxidase conjugated to secondary antibodies and to avidin (avidin-
HRP) were from Pierce. PCR primers were synthesized by Integrated
DNA Technologies (Coralville, IA). Streptavidin-agarose, protein-A-
agarose, and all of the other reagents were from Sigma.

Cell Culture and Drug Treatment—BAEC were obtained from Cam-
brex (Walkersville, MD) and maintained in culture on gelatin-coated
100-mm culture dishes with Dulbecco’s modified Eagle’s medium sup-
plemented with fetal bovine serum (10% v/v) and penicillin-streptomy-
cin (2%). Experiments were performed with cells between passages 5
and 8. Cultures were serum-starved overnight before experiments and
drug treatments were performed as described (13). COS-7 cells were
obtained from ATCC (Manassas, VA) and maintained on uncoated
culture dishes in the same medium as BAEC (14).

Plasmid Construction and Transfection—The plasmid pKENH en-
coding HA epitope-tagged wild-type bovine eNOS ¢cDNA (GenBank™
accession number M89952 (46)), its parent plasmid pPBKCMV (Strat-
agene), and eNOS cDNA constructs containing mutations at Ser''® and
Ser''” have been described previously (15-17). Plasmids encoding
eNOS mutants deficient in myristoylation (eNOS™" ™) and palmitoyla-
tion (eNOSP2™") have been previously characterized in detail (12, 18,
19). pPKENH served as the template for creation of eNOS constructs
where Cys® and/or Cys'®! were mutated to Ser by PCR mutagenesis
using a two-step approach (20). In the first step, one fragment was
generated with the forward primer for the specific mutation site (de-
scribed below) plus the reverse primer that subtends the eNOS BglII
site (5'-TGAGGCAGAGATCTTCACCG-3'). The second fragment was
generated with the reverse mutant primer (see below) plus the forward
primer subtending the EcoRI site in the polylinker of the plasmid
(5'-CGCGAATTCGAAGGAGCCAC-CATGGGCAACTTGAAGAG-3').
The two fragments were then mixed, and the final product was ampli-
fied using the EcoRI and BglII primers. The primer sequences for
PCR-directed mutagenesis of eNOS Cys® to Ser were: forward, 5'-GG-
CCCAGCACTCCCAGGTGCTGCCTGGG-3'; reverse, 5'-CCCAGGCA-
GCACCTGGGAGTGCTGGGCC-3'. For mutagenesis of eNOS Cys'! to
Ser, the primer sequences were: forward, 5'-GGCCCTGCACTCCCAG-
GTGCAGCCTGGG-3'; reverse, 5'-CCCAGGCTGCACCTGGGAGTGC-
AGGGCC-3'. To create the double-mutant, eNOSC¢%/C1018 - o NOSC6S
was used as the template for the primers: forward, 5'-GGCCCAGCAC-
TCCCAGGTGCAGCCTGGG-3'; reverse, 5'-CCCAGGCTGCACCTGG-
GAGTGCTGGGCC-3'. After molecular cloning of the fragments back
into the EcoRI/Bglll-restricted parental plasmid, the nucleotide se-
quence was confirmed by standard dideoxynucleotide-sequencing meth-
ods (University of Maine DNA Sequencing Laboratory). BAEC and
COS-7 cells were transfected with the plasmids using FuGENE 6
(Roche Applied Science) according to the manufacturer’s protocol. The
plasmid encoding a fusion of eNOS to the enhanced green fluorescent
protein (eNOS-EGFP) has been described previously (19).

Preparation of Cellular Lysates and Immunoprecipitation—100-mm
dishes of cells were washed twice with ice-cold phosphate-buffered
saline and harvested by scraping cells into 1 ml of lysis buffer comprised
of Tris (20 mm, pH 7.4), Nonidet P-40 (1% v/v), deoxycholate (2.5% w/v),
NaCl (150 mm), Na;VO, (2 mm), EDTA (1 mm), NaF (1 mm), and
neocuproine (100 uM) supplemented with a mixture of protease inhibi-
tors (17). Lysates were rocked at 4 °C for 30 min and centrifuged at
14,000 X g for 15 min. A 1:100 dilution of eNOS polyclonal anti-serum
or 4 pg/ml anti-HA monoclonal antibody 12CA5 was incubated with 1
ml of the supernatants at 4 °C with rocking for 1-16 h. After the
addition of protein-A/G-agarose and another hour of rocking at 4 °C, the
beads were washed extensively with lysis buffer. eNOS was then eluted
from the beads and biotinylated according to the biotin switch method
essentially as described (21) or released for SDS-PAGE and immunoblot
by boiling in SDS-sample buffer containing B-mercaptoethanol as de-
scribed previously (19). The biotin switch-processed eNOS was then
separated by low temperature non-reducing SDS-PAGE for Western
blot with avidin-HRP (21) or concentrated further with streptavidin-
agarose, eluted by boiling with SDS-sample buffer, and then subjected
to SDS-PAGE under reducing conditions for immunoblot against eNOS
as described previously (22). All of the steps before biotinylation were
performed under low light conditions.

Analysis of eNOS Dimer Stability—The thermal stability profile of
recombinant eNOS expressed in COS-7 cells was determined using low
temperature SDS-PAGE essentially as described (23). The lysates were
prepared from COS-7 cells transfected with plasmids encoding recom-
binant eNOS by scraping the cells into lysis buffer as described above,
except that rocking of the lysates at 4 °C was done for 15 min and
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centrifugation was conducted for 5 min (17). The supernatants were
then mixed with SDS-sample buffer and incubated for 30 min at 0, 20,
30, 40, and 50 °C before low temperature SDS-PAGE (23).

Western Blots—After separation by SDS-PAGE, proteins were elec-
troblotted onto nitrocellulose membranes. To detect biotinylated
eNOS, these nitrocellulose membranes were blocked with 5% bovine
serum albumin in Tris-buffered saline containing 0.1% Tween 20
before incubation with avidin-HRP in 5% bovine serum albumin/Tris-
buffered saline containing 0.1% Tween 20 according to the manufac-
turer’s instructions. Because the gels that are used to detect biotin-
ylated proteins are electrophoresed under non-reducing conditions,
the protein bands tend to bend and blur more than with standard
reducing SDS-PAGE. To detect total eNOS after blotting with avidin-
HRP, membranes were stripped using the Immunopure IgG elution
buffer for 24 h at room temperature. All of the immunoblots were
performed as described previously (13). Stripping of immunoblots for
reblotting was performed with ReBlot antibody stripping solution
from Chemicon International (Temecula, CA). Densitometric analyses of
autoradiographs were done using a Chemilmager 400 (Alpha Innotech,
San Leandro, CA).

Subcellular Fractionation and Measurement of eNOS Activity—
eNOS activity was analyzed either in lysates or subcellular fractions
prepared from 100-mm dishes of transfected COS-7 cells. Subcellular
fractionation was performed essentially as described with the exception
that 10 uM tetrahydrobiopterin was added to the cell harvest buffer
(buffer 1) comprised of Tris (50 mm, pH 7.4), EDTA (0.1 mm), EGTA (0.1
mM), and B-mercaptoethanol (2 mm) with a mixture of protease inhibi-
tors (24). After centrifugation of lysates (2,000 X g for 5 min at 4 °C),
resuspension in buffer 1, and 10-s sonication using a Branson 450
sonifier (Branson Ultrasonic, Danbury, CT) at 20% nominal converter
amplitude, the particulate and soluble fractions were resolved by ultra-
centrifugation (100,000 X g for 30 min) and the particulate fraction was
resuspended in an equal volume of buffer 1 (24). Protein concentrations
were determined using the Bradford reagent (Bio-Rad), and eNOS
activity was determined by measuring the conversion of L-[*H]arginine
to L-[*H]citrulline by anion-exchange chromatography, essentially as
described with the exception that the reaction mixture did not contain
dithiothreitol and incubation in the reaction mixture was at 30 °C for 30
min (25). Activity assays of purified eNOS isolated from a baculovirus
expression system were performed as described previously (26).

Confocal Fluorescence Microscopy—BAEC grown on coverslips were
transfected with plasmids encoding eNOS-EGFP and HA-tagged
eNOSC6S/C101S ot 50-60% confluence using FuGENE 6. Cell fixing,
permeabilization, incubation with polyclonal anti-HA antibody (1:250
dilution), Alexa Fluor 568 anti-rabbit IgG secondary antibody (1:850
dilution), mounting, and imaging at the Nikon Imaging Center at
Harvard Medical School were performed as described previously (27).
Images were processed using two-dimensional no-neighbors deconvolu-
tion by MetaMorph (Universal Imaging, Downington, PA) before three-
dimensional reconstruction.

Other Methods—Mean values for individual experiments are plot-
ted = S.E. Data plotting and statistical analyses (ANOVA) were per-
formed using Origin software (OriginLab, Northampton, MA). A p value
<0.05 was considered statistically significant.

RESULTS

Dynamic eNOS S-Nitrosylation in Endothelial Cells—Our
initial experiments explored the hypothesis that eNOS is S-
nitrosylated in endothelial cells. We exploited a method devel-
oped to detect endogenously S-nitrosylated proteins in cell ly-
sates by biotinylation. After blocking free protein sulfhydryls
with methyl methanethiosulphonate, the cell lysates are
treated with ascorbate to reduce S-nitrosothiols, which are
then labeled with a biotinylated active site reagent (28). This
“biotin switch” approach allows for reliable detection of protein
S-nitrosothiols by Western blot analyses.

We found that when eNOS from resting BAEC is processed
by the biotin switch method, a robust signal is detected in
Western blots probed with avidin-HRP. We then performed
characterizations of agonist-induced changes in eNOS S-ni-
trosylation using VEGF because of its robust eNOS agonist
activity (29). We had initially anticipated that eNOS S-nitrosy-
lation might increase when the enzyme was activated, but we
found that when BAEC are treated with VEGF (10 ng/ml for 5
min) and that eNOS S-nitrosylation reproducibly disappears
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Fic. 1. Agonist-modulated dynamic eNOS S-nitrosylation in
BAEC. Shown in each panel are Western blots of eNOS immunopre-
cipitated from cell lysates derived from BAEC and processed using the
biotin switch assay. Western blot membranes were probed with avidin-
HRP to detect S-nitrosylated eNOS as described under “Experimental
Procedures.” Where indicated, total eNOS was detected by reprobing
stripped Western blot membranes with anti-eNOS antibody. Panel A
shows a representative blot of three independent experiments that
yielded equivalent results from BAEC treated with VEGF (10 ng/ml) for
the times indicated and processed by the biotin switch method. For B,
BAEC were treated with insulin (1 um) for the times indicated before
biotin switch analysis. For C, BAEC were preincubated for 60 min with
L-NMA (5 mM) or vehicle and then incubated with VEGF (10 ng/ml) or
its vehicle for an additional 60 min. eNOS was then harvested from the
cells and processed by the biotin switch method. The blot shown is
representative of three independent experiments that yielded equiva-
lent results. Densitometric analysis of pooled data revealed that prein-
cubation of BAEC with L-NMA before VEGF treatment reduced the
extent of eNOS renitrosylation by 56 = 0.1% (n = 3, p < 0.05) compared
with control cells.

(n = 7). As shown in Fig. 1A, we performed a time course of
VEGF treatments to further analyze changes in eNOS S-ni-
trosylation. We found that eNOS in resting BAEC is S-nitrosyl-
ated and that the enzyme undergoes rapid denitrosylation after
5 min of VEGF-treatment. After this nadir of S-nitrosyl-
ation, eNOS is progressively renitrosylated back to basal levels
over ~60 min. Treatment of BAEC with insulin, a less robust
eNOS agonist (30), produces comparable results (Fig. 1B). We
chose to focus on analyses of eNOS S-nitrosylation responses to
VEGF, because this agonist has been characterized extensively
as a potent eNOS agonist in these cells (31).

eNOS Renitrosylation Requires NO Synthase Activity—The
renitrosylation of eNOS after agonist-modulated denitrosyla-
tion suggested to us that eNOS S-nitrosylation is dependent on
eNOS activity. To test the dependence of eNOS S-nitrosylation
on NOS activity, we pretreated BAEC with the NOS inhibitor
N-methyl-L-arginine (L-NMA, 5 mm, 1 h) and then added VEGF
(10 ng/ml) or its vehicle for 1 h before harvesting eNOS for
biotin switch (32). Incubation of BAEC with L-NMA neither
substantively decreases the level of basal eNOS S-nitrosylation
nor blocks agonist-induced denitrosylation. However, as shown
in Fig. 1C, .-NMA significantly attenuated the extent of reni-
trosylation of the enzyme after agonist treatment (n = 3, p <
0.05).

eNOS Phosphorylation, Subcellular Targeting, and S-Ni-
trosylation—In parallel with our analyses of dynamic changes
in eNOS S-nitrosylation, BAEC were also analyzed for VEGF-
modulated changes of eNOS phosphorylation at Ser'”®. Phos-
phorylation at Ser''™ is correlated with VEGF-modulated in-
creases in eNOS activity and can be blocked by the
phosphoinositide 3-kinase inhibitor wortmannin (29, 31). As
shown in Fig. 24, the time course of eNOS phosphorylation at
Ser'1” was inversely related to the extent of eNOS S-nitrosyl-
ation (Fig. 1A).
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Fic. 2. eNOS phosphorylation, S-nitrosylation, and subcellu-
lar targeting. Shown in each panel are representative blots of at least
three independent experiments that yielded equivalent results. Panel
A, lysates of BAEC treated with VEGF (10 ng/ml) for the times indi-
cated were separated by SDS-PAGE and analyzed in immunoblots
probed with antibodies against phospho-eNOSSe™17 or total eNOS as
indicated in the legend. For panel B, eNOS immunoprecipitated from
COS-7 cells transfected with plasmids encoding wild-type eNOS or
eNOS constructs mutated at phosphorylation or acylation sites (as
indicated) was processed by the biotin switch method, captured with
streptavidin-agarose, and released by boiling in SDS-sample buffer.
S-Nitrosylated eNOS (upper blots) and total eNOS levels in cell lysates
(lower blots) were detected by probing immunoblots with anti-eNOS
antibody, as described under “Experimental Procedures.”

Because agonist-induced changes in the pattern of eNOS
phosphorylation are influenced by eNOS subcellular localiza-
tion (19), we decided to explore the relations among eNOS
phosphorylation, subcellular targeting, and S-nitrosylation.
We first explored whether mutation of important eNOS phos-
phoresidues to “phosphonull” Ala or “phosphomimetic” Asp had
any effect on eNOS S-nitrosylation. After immunoprecipitation
of the eNOS mutants from lysates prepared from transfected
COS-7 cells, eNOS was biotinylated by the biotin switch
method, concentrated using streptavidin-agarose, and eluted
by boiling in SDS-sample buffer (22). S-Nitrosylated eNOS was
then detected in immunoblots probed with eNOS antibodies. As
shown in Fig. 2B, biotin switch analyses of eNOS mutants at
Ser!'® and Ser''™ (sites of agonist-modulated dephosphoryl-
ation and phosphorylation, respectively) revealed no substan-
tive differences in S-nitrosylation compared with wild-type
eNOS (Fig. 2B) (16, 29, 31).

We also explored the influence of eNOS targeting on enzyme
S-nitrosylation by transfecting COS-7 cells with cDNA encod-
ing wild-type eNOS, which is membrane-associated, with an
acylation-deficient eNOS mutant (eNOS™" ") that is targeted
exclusively to the cytosol or with a palmitoylation-deficient
eNOS (eNOSP#™™) that has an intermediate phenotype (19).
As shown in Fig. 2B, when eNOS™"™ is immunoprecipitated
from transfected COS-7 cell lysates and processed by the biotin
switch method, almost no S-nitrosylation signal is detected, in
contrast to the robust signal of wild-type eNOS (91 = 0.1%
decrease in S-nitrosylation for the eNOS™"™ mutant relative
to wild-type eNOS, n = 3, p < 0.001). The palmitoylation-
deficient eNOS (eNOSP*™~) mutant showed levels of S-ni-
trosylation that were not substantively different from the wild-
type eNOS in transfected COS-7 cells (Fig. 2B). There is no
substantive difference between the NO synthase activity levels
of wild-type eNOS and eNOS™" " in lysates prepared from
transfected COS-7 cells (data not shown and Refs. 12, 33).

S-Nitrosylation Inhibits eNOS Activity—We next performed
experiments using eNOS purified to homogeneity from a bacu-
lovirus expression system to explore whether S-nitrosylation
regulates eNOS activity (26). As shown in Fig. 3, incubation of
purified eNOS with 10 mm ascorbate (which reduces nitroso-
thiols) enhances eNOS activity to 120 = 0.1% control sample
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Fic. 3. Effect of NO on S-nitrosylation and enzyme activity of purified eNOS. eNOS was purified to homogeneity from insect Sf9 cells
infected with recombinant baculovirus encoding wild-type eNOS, analyzed in enzyme activity assays, and processed for quantitation of S-
nitrosylation using the biotin switch method. Panel A shows the results of eNOS activity assays using purified eNOS incubated under various
conditions as shown: control incubation (DEA/NO aged over 48 h); ascorbate (10 mm); freshly-prepared DEA/NO (50 uM); or both ascorbate and
DEA/NO. eNOS activity was assayed by measuring conversion of L-[*H]arginine to L-[*H]citrulline as described under “Experimental Procedures.”
Changes in eNOS S-nitrosylation were determined by densitometric analysis of pooled data from autoradiographs of samples processed by biotin
switch (a representative blot is shown in B). Statistical analysis was performed using ANOVA; p values are shown in the figure. These analyses
reveal that ascorbate treatment both increases eNOS activity and reduces enzyme S-nitrosylation, whereas DEA/NO has exactly the opposite
effects. The addition of ascorbate to DEA/NO-treated eNOS results in a significant restoration of enzyme activity relative to enzyme activity with
DEA/NO alone. B, the blot shown is representative of three independent experiments that yielded equivalent results.

activity (n = 4, p < 0.001) while reducing eNOS S-nitrosylation
intensity to 51 = 0.1% control (n = 3, p < 0.02). The NO donor
DEA/NO (50 um) attenuates eNOS enzyme activity to 65 =
0.1% control levels (n = 4, p < 0.001), whereas eNOS S-
nitrosylation levels increased to 117 = 0.1% control sample
intensity (n = 3, p < 0.02). The addition of ascorbate (10 mm) to
the reaction containing S-nitrosylated eNOS significantly re-
lieved the enzyme inhibition induced by DEA/NO, returning it
to 81 = 0.1% of the control (eNOS plus aged DEA/NO) activity
level (n = 4, p < 0.001) and reducing S-nitrosylation levels to
89 *+ 0.2% of the control (n = 3, p < 0.02).

Identification of eNOS S-Nitrosylated Cysteines—In our next
series of experiments, we sought to identify the specific sites of
eNOS S-nitrosylation. The zinc-tetrathiolate motif present in
eNOS has been proposed as an S-nitrosylation target (4), and a
recent report (34) has confirmed this possibility, showing that
eNOS releases Zn2?" and is inactivated by treatment with ex-
ogenous NO donors in vitro. We hypothesized that the cys-
teines comprising eNOS zinc-tetrathiolate complex (Cys®® and
Cys!?! of each subunit) are the targets of endogenous S-nitrosyl-
ation and used PCR-directed mutagenesis to construct site-
specific mutants of eNOS, changing the cysteines individually
and collectively to serine.

We used the biotin switch method to test for S-nitrosylation
of eNOS mutants at Cys®® and/or Cys!®!. As shown in Fig. 4A,
only the wild-type recombinant eNOS is S-nitrosylated when
expressed in COS-7 cells. Neither the single nor double eNOS
mutants at Cys® and/or Cys'®' undergo S-nitrosylation de-
spite robust protein expression of all of the constructs. We also
determined the phosphorylation patterns of the different eNOS
constructs by immunoblot analyses using phosphorylation
state-specific antibodies raised against different eNOS phos-

phopeptides. As shown in Fig. 4B, phosphorylation of wild-type
eNOS and the eNOS constructs mutated at Cys®® and/or Cys°!
was equivalent at Ser®, Thr*®?, and Ser!'”® residues in trans-
fected COS-7 cells.

We next explored the agonist-responsiveness of the nitrosyl-
ation-deficient eNOSC6S/C101S mytant by testing the effects of
VEGF on Ser'!'”® phosphorylation in BAEC transfected with
the wild-type eNOS and eNOSC?65/C101S  For these experi-
ments in BAEC, we immunoprecipitated the recombinant con-
structs using antibodies directed against the HA epitope tag
(18, 19). As shown in Fig. 4C, basal phosphorylation at Ser!!"®
is the same for wild-type eNOS and eNOSC?65/€101S Fyrther-
more, both wild-type eNOS and the S-nitrosylation-deficient
eNOQSC6S/C1018 mytant undergo robust VEGF-induced phos-
phorylation at Ser''”®. For both the wild-type eNOS and
eNQSC96S/C101S onyymes, phosphorylation at Ser''™ is com-
pletely blocked by 30-min preincubation of BAEC with the
phosphoinositide 3-kinase inhibitor wortmannin (data not
shown). The level of the VEGF-induced increase in Ser!!”®
phosphorylation is 42 = 0.1% lower in the eNOSC965/C101S
mutant compared with the wild-type enzyme (n = 4, p < 0.01).
A decreased level of VEGF-modulated Ser!'”® phosphorylation
of eNOSC96S/C101S yelative to the wild-type enzyme was seen
throughout a 60-min time course following the addition of
VEGF (data not shown).

To establish that the failure to document S-nitrosylation of
the eNOSC965/C101S myytant eNOS is not simply due to a loss of
enzyme activity, we performed NO synthase activity assays in
lysates of COS-7 cells transfected with wild-type eNOS and the
S-nitrosylation-deficient eNOSC?6/€101S myutant. The mean
eNOS activity from COS-7 cells transfected with wild-type
eNOS was 39 * 17 pmol of L-[*H]citrulline/min/mg protein, and
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Fic. 4. Characterization of S-nitrosylation, phosphorylation
and dimer stability of wild-type eNOS and eNOS mutants at
Cys® and/or Cys'?'. Shown in each panel are representative Western
blots from at least three independent experiments that yielded equiv-
alent results. For panel A, COS-7 cells were transfected with plasmids
encoding wild-type eNOS or eNOS constructs mutated at Cys®® and/or
Cys'?l. eNOS was immunoprecipitated from lysates of transfected cells
and processed according to the biotin switch method. Biotinylated
eNOS was then captured with streptavidin-agarose and released by
boiling in SDS-sample buffer. Immunoblots were probed with anti-
eNOS antibody to detect S-nitrosylated eNOS (upper blot) or total
eNOS levels in cell lysates (lower blot), as described under “Experimen-
tal Procedures.” For B, COS-7 cells were transfected with plasmids
encoding eNOS constructs as indicated. eNOS phosphorylation pat-
terns were determined by probing Western blots with phosphospecific
antibodies as described under “Experimental Procedures.” IB, immu-
noblotting. For C, BAEC were transfected with plasmids encoding the
wild-type eNOS and eNOS©965/C101S congstructs. 48 h after transfection,
cells were serum-starved overnight before the addition VEGF (10 ng/ml,
5 min). Cells were lysed, and the eNOS constructs immunoprecipitated
(IP) with antibodies against the HA epitope as described under “Exper-
imental Procedures.” After separation by SDS-PAGE, the immunopre-
cipitated eNOS was probed with antibodies against phospho-
eNOSSer117 or the HA epitope as indicated. Preincubation with
wortmannin (500 nM, 30 min) completely blocks VEGF-induced phos-
phorylation of each eNOS construct (data not shown). Densitometric
analysis of pooled data shows that the VEGF-modulated increase in
Ser''”® phosphorylation is 42 + 0.1% less for the eNOS965/C101S mytant
(n =4, p < 0.01 by ANOVA). For D, eNOS dimer stability assays were
performed in lysates prepared from COS-7 cells that had been trans-
fected with plasmids encoding wild-type eNOS and the mutant eNOS
constructs as indicated. Following incubation for 30 min at the temper-
atures indicated, eNOS dimers and monomers were resolved by low
temperature SDS-PAGE and were visualized in immunoblots probed
with anti-eNOS antibody, as described under “Experimental Proce-
dures.” Assays performed under reducing or non-reducing conditions
yielded similar outcomes.
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the eNOSC96S/C101S mytant attained only 50 + 0.1% of the
activity level of the wild-type enzyme (n = 3, p < 0.01) in
lysates prepared from these transfected cells. Moreover, we
found that the activity of various S-nitrosylation-deficient mu-
tant eNOS constructs was lost upon detergent solubilization of
the protein. Attempts to stabilize the particulate enzyme, using
a wide range of detergents, all led to a rapid loss in activity for
the eNOSC96S/C101S hampering further attempts to purify and
characterize enzymological features of the mutant enzyme.
These findings are consistent with other reports that at-
tempted to explore activity of mutant eNOS containing altered
eNOS zinc-tetrathiolate cysteines (34). It is plausible that
dimerization of eNOS (which is required for enzyme activity) is
perturbed following mutagenesis of the Cys®® or Cys'°! resi-
dues, which coordinate the Zn?" at the eNOS dimer interface
(4). To determine the stability of eNOS dimers of the mutant
constructs, we performed low temperature SDS-PAGE of ly-
sates prepared from transfected COS-7 cells (23). As shown in
Fig. 4D, wild-type eNOS can be recovered as a dimer on low
temperature SDS-PAGE and is converted into monomeric pro-
tein following heating. By contrast, no eNOS constructs with
mutations of Cys? and/or Cys'°! can be recovered as dimeric
protein in detergent-solubilized lysates of transfected COS-7
cells (Fig. 4D). Importantly, the wild-type enzyme is recovered
as a dimer (Fig. 4D) while being robustly S-nitrosylated (Fig.
2B). This finding argues against S-nitrosylation promoting dis-
sociation of the eNOS dimer in intact cells, even if the oligo-
meric structure of the eNOS cysteine-serine mutants appears
to be less stable upon detergent solubilization of cellular ly-
sates (Fig. 4D).

Subcellular Targeting of eNOSC?65/C101S_\We next exam-
ined the subcellular distribution of the eNOSC?6%/C101S pytant
(19). Subcellular fractionation of lysates prepared from COS-7
cells transfected with wild-type eNOS or eNOSC965/C101S e
vealed that the NO synthase activity of both wild-type eNOS
and eNOSC96S/C101S i yecovered primarily in the particulate
fraction (data not shown), in agreement with previous reports
on subcellular distribution of wild-type eNOS (12). We per-
formed cellular imaging studies in BAEC transfected with the
HA epitope-tagged eNOS¢/€101S mytant plus EGFP-tagged
wild-type eNOS (eNOS-EGFP). eNOS-EGFP does not contain
the HA epitope, so the pattern of subcellular distribution of
both constructs can be imaged in the same cells. Confocal
microscopy of fixed transfected cells reveals that the subcellu-
lar distribution of wild-type eNOS and eNOSC965/€101S gre
equivalent in resting cells (Fig. 5, A-C). When VEGF is
added (10 ng/ml, 5 min), both wild-type eNOS-EGFP and
eNQSC96S/C1018 yyh dergo agonist-modulated translocation away
from the plasma membrane (Fig. 5, D-F).

DISCUSSION

This report shows that eNOS undergoes S-nitrosylation in
endothelial cells and that this process is dynamically regulated
by eNOS agonists in intact cells. These studies represent the
first documentation of receptor-modulated reversible S-ni-
trosylation of a signaling protein. As shown in Fig. 1, eNOS is
constitutively S-nitrosylated in resting endothelial cells. After
the addition of the eNOS agonist VEGF to BAEC, eNOS is
denitrosylated and then progressively renitrosylated, resuming
its original level of S-nitrosylation over a period of 1 h. The
temporal pattern of eNOS S-nitrosylation may provide an im-
portant clue to the role of S-nitrosylation in the modulation of
enzyme activity. By definition, eNOS is at its basal (lowest)
level of activity in resting endothelial cells when enzyme S-
nitrosylation is at its highest level. Following the addition of
VEGF, eNOS is rapidly activated in a process associated with
both an increase in enzyme phosphorylation at Ser!” (Fig. 2A4)
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Fic. 5. Confocal imaging of wild-type eNOS-EGFP and HA epitope-tagged eNOSC¢S/C101S iy, transfected BAEC. BAEC were trans-
fected with plasmids encoding wild-type eNOS-EGFP and HA epitope-tagged eNOSC965/C101S 48 h after transfection, BAEC were serum-starved
overnight and treated with VEGF (10 ng/ml, 5 min) or its vehicle. Cells were then fixed and stained with anti-HA antibody (against the HA tag
of eNQSC965/C1018) and a secondary antibody conjugated to Alexa Fluor 568, as described under “Experimental Procedures.” Images are projections
of the z-stack with scaled contrast. Panels A, B, and C show a vehicle-treated cell imaged for eNOS-GFP (green), HA epitope-tagged eNOSC965/C1018
(red), and the overlay (“merge”) of the two signals (yellow), respectively. Panels D, E, and F show VEGF-treated BAEC. Cells transfected only with
wild-type eNOS-EGFP (which does not contain the HA epitope) and processed identically for confocal imaging did not produce any signal in the

red channel (not shown).

as well as a striking decrease in eNOS S-nitrosylation (Fig. 1A).
It can be seen from the VEGF time courses shown in Figs. 1A
and 2A that the nadir of eNOS S-nitrosylation corresponds to
the peak of enzyme Ser!!”® phosphorylation when the enzyme
is maximally activated (29, 31). The enzyme is subsequently
renitrosylated, corresponding with the decline in eNOS Ser'!™®
phosphorylation and the return of enzyme activity to its basal
state. This renitrosylation of eNOS following VEGF treatment
is markedly attenuated by the addition of the NOS antagonist
L-NMA (Fig. 1C), indicating that eNOS S-nitrosylation depends
acutely on eNOS activity (32). The possibility that the inducible
isoform of NO synthase acts as an NO donor in this system can
be excluded because inducible NO synthase is not expressed in
bovine aortic endothelial cells (35).

Our data also reveal a relation between eNOS subcellular
localization and S-nitrosylation. eNOS in resting endothelial
cells associated with the plasmalemmal caveolae (36). Upon
agonist stimulation, eNOS translocates from the peripheral
membranes to internal membrane structures (37). The corre-
lation between eNOS activation and translocation from periph-
eral to internal membrane structures prompted us to explore
whether changes in eNOS S-nitrosylation are influenced by
subcellular localization of the enzyme. We found that
eNOS™" ™ which is localized exclusively in the cellular cytosol
(12), is not S-nitrosylated (Fig. 2B). This finding suggests that
targeting of eNOS to cellular membranes is required for en-
zyme S-nitrosylation or that conditions in the cellular cytosol
promote denitrosylation. It is also plausible that protein-pro-

tein interactions (perhaps with caveolin) and/or distinctive re-
dox conditions in caveolae may play a role in the regulation of
eNOS S-nitrosylation.

Our hypothesis that S-nitrosylation of eNOS leads to a de-
crease in enzyme activity is supported further by our analyses
of the effects on the pharmacologic NO donor DEA/NO on eNOS
activity and S-nitrosylation (Fig. 3). We found an inverse rela-
tionship between eNOS enzyme activity and S-nitrosylation,
treatment of the purified enzyme with exogenous NO donors
led to eNOS S-nitrosylation and a decrease in enzyme activity,
and this NO-induced enzyme inhibition was reversed by ascor-
bate in parallel with denitrosylation of the enzyme. Without
doubt, ascorbate and NO donors would be expected to have
pleiotropic effects, even when used in studies of a purified
protein. For instance, NOS cofactors and co-substrates may be
modified by the effects of NO donors and/or by redox-active
reagents such as DEA/NO or ascorbate. Despite these caveats,
the inverse relationship between eNOS activity and eNOS
S-nitrosylation observed in studies of the purified protein is
consistent with the model implied by the temporal pattern of
eNOS S-nitrosylation in intact endothelial cells. eNOS S-ni-
trosylation leads to enzyme inhibition, and denitrosylation pro-
motes enzyme activation.

These studies have also identified the zinc-tetrathiolate cys-
teine residues as the sites in eNOS that undergo S-nitrosyla-
tion in intact endothelial cells. eNOS, like the other mamma-
lian NO synthases, contains a zinc-tetrathiolate cluster at the
dimer interface, a motif previously identified as a likely target
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for regulation by S-nitrosylation (4—6, 38). Indeed, Cys®® of
human eNOS (corresponding to Cys'®! of the bovine eNOS) has
been identified recently as S-nitrosylated. Modification of this
residue by S-nitrosylation is proposed to promote enzyme mo-
nomerization (34). However, our data suggest that it is ex-
tremely unlikely that S-nitrosylation of eNOS in endothelial
cells leads to monomerization of the enzyme. It is clear that
eNOS as extracted from resting cells is robustly S-nitrosylated
(Fig. 1) yet is almost entirely in dimer form (Fig. 4D) (23). It is
plausible that S-nitrosylation alters the dimer interface to
yield an enzyme that is catalytically less efficient secondary to
disruption of the intersubunit electron transfer that is required
for catalysis (39). Finally, because eNOS dimerization is re-
quired for activity, our observation that eNQSC96S/C101S (jp
which both Zn?"-coordinating cysteines have been mutated)
retains significant enzyme activity suggests that the cell is able
to maintain eNOS as an enzymatically active dimer even when
the zinc-tetrathiolate has been disrupted. Indeed, published
reports (6, 40) have shown that mutation of a Zn?*-coordinat-
ing cysteine from each monomer of NO synthase destabilizes
the enzyme but does not totally eliminate dimer formation. Our
data confirm that mutation of these cysteine residues leads to
destabilization of the protein, to the extent that detergent
solubilization of the protein leads to a complete loss of enzyme
activity and disruption of the eNOS dimer (Fig. 4D).

Our studies have shown that the basal phosphorylation of
eNOS constructs mutated at Cys®® and/or Cys'®! are equiva-
lent to that of wild-type eNOS (Fig. 4B). Furthermore, for
both the wild-type and eNOSC965/C1018 yytant eNOS, VEGF
treatment promotes a significant increase in phosphoryla-
tion at Ser''”® (Fig. 4C). However, the level of VEGF-induced
eNOS Ser''” phosphorylation is consistently lower for the
eNQSC96S/C101S myytant compared with the wild-type enzyme
(Fig. 4C). This finding may suggest that agonist-modulated
eNOS Ser!!™ phosphorylation by the phosphoinositide 3-ki-
nase/Akt pathway may be facilitated by the eNOS conforma-
tion associated with S-nitrosylation of the zinc-tetrathiolate
cysteines, i.e. resting conformation of the wild-type enzyme.
Confocal imaging analyses of transfected BAEC treated with
vehicle or VEGF show that the subcellular distribution of wild-
type eNOS and eNOSC96S/C1018 g oquivalent and reveal that
both the wild-type and mutant enzymes undergo subcellular
translocation in response to VEGF (Fig. 5).

Taken together, these studies show that eNOS is reversibly
regulated by S-nitrosylation of its zinc-tetrathiolate cysteines
and that cellular mechanisms mediate eNOS denitrosylation
upon enzyme activation. The mechanism for denitrosylation of
eNOS remains unclear, but it is possible that conformational
changes in the protein may serve to expose the S-nitrosylated
cysteine residue(s) to the high concentrations of reduced thiols
(e.g. glutathione) characteristic of the intracellular milieu. Be-
cause trans-nitrosylation is a facile reaction, the reaction with
intracellular low molecular weight thiols may represent a plau-
sible pathway for denitrosylation of eNOS (41). This hypothesis
also suggests that changes in cellular redox state might influ-
ence the denitrosylation of eNOS and provide a partial expla-
nation for the attenuation of eNOS activity by oxidative stress
(42—44). For example, the antioxidant ascorbate has been pro-
posed to enhance eNOS activity by promoting redox stabiliza-
tion of eNOS cofactors (45) but this mechanism does not ex-
clude the possibility that ascorbate also enhances eNOS
activity by reducing S-nitrosylated cysteines as shown in Fig. 3.

eNOS activity is complexly regulated by a constellation of
spatially and temporally determined post-translational modifica-
tions and protein-protein interactions (19). S-Nitrosylation must
now be added to this list of eNOS post-translational modifica-

eNOS Regulation by Dynamic S-Nitrosylation

tions. The dynamic receptor-mediated regulation of eNOS S-
nitrosylation provides a potentially important mechanism for the
control of NO signaling pathways in the vascular wall.
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