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An increase in production of reactive oxygen species resulting
in a decrease in nitric oxide bioavailability in the endothelium
contributes to many cardiovascular diseases, and these reactive
oxygen species can oxidize cellular macromolecules. Protein
thiols are critical reducing equivalents that maintain cellular
redox state and are primary targets for oxidative modification.
Wedemonstrate endothelialNOS (eNOS)oxidant-inducedpro-
tein thiyl radical formation from tetrahydrobiopterin-free
enzyme or following exposure to exogenous superoxide using
immunoblotting, immunostaining, and mass spectrometry.
Spin trapping with 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
followed by immunoblotting using an anti-DMPO antibody
demonstrated the formation of eNOS protein radicals, which
were abolished by superoxide dismutase and L-NAME, indicat-
ing that protein radical formation was due to superoxide gener-
ation from the eNOSheme.With tetrahydrobiopterin-reconsti-
tuted eNOS, eNOS protein radical formation was completely
inhibited. Using mass spectrometric and mutagenesis analysis,
we identified Cys-908 as the residue involved in protein radical
formation.Mutagenesis of this key cysteine to alanine abolished
eNOS thiyl radical formation and uncoupled eNOS, leading to
increased superoxide generation. Protein thiyl radical forma-
tion leads to oxidation or modification of cysteine with either
disulfide bond formation or S-glutathionylation, which induces
eNOS uncoupling. Furthermore, in endothelial cells treated
withmenadione to trigger cellular superoxide generation, eNOS
protein radical formation, as visualized with confocal micros-
copy, was increased, and these results were confirmed by immu-
noprecipitationwith anti-eNOSantibody, followedby immuno-
blotting with an anti-DMPO antibody. Thus, eNOS protein
radical formation provides the basis for a mechanism of super-
oxide-directed regulation of eNOS, involving thiol oxidation,
defining a unique pathway for the redox regulation of cardiovas-
cular function.

NOS is an important enzyme that converts L-arginine to
L-citrulline and NO with the consumption of NADPH. NO, a
labile free radical, promotes vascular smoothmuscle relaxation

and functions as an endogenous mediator of diverse effects in
numerous tissues (1, 2). During ischemia and reperfusion, the
burst production of superoxide (O2

. ) and its derived oxidants,
including peroxynitrite, hydrogen peroxide, and hydroxyl rad-
ical (�OH), cause NOS dysfunction (3, 4). Under this oxidative
stress, depletion or damage of NOS cofactors, including tetra-
hydrobiopterin (BH4)2 or heme, can switchNOS fromNOpro-
duction to O2

. generation (5, 6). Studies have shown that the
imbalance of NO and O2

. contributes to many cardiovascular
diseases, including hypertension, atherosclerosis, and heart
failure (7, 8).
Under oxidative stress, a number of mechanisms have been

proposed to trigger reactive oxygen species generation,with the
enzymes xanthine oxidase, cyclooxygenase, leukocyte NADPH
oxidase,mitochondria and uncoupled endothelialNOS (eNOS)
as putative sources (9, 10). Uncoupling of eNOS derived NO
from NADPH oxidation, which increases O2

. generation, is a
primary factor contributing to or triggering many cardiovascu-
lar diseases, including hypertension, atherosclerosis, and ische-
mia/reperfusion injury. There are several molecular mecha-
nisms proposed to cause eNOS uncoupling, including
oxidation of BH4, arginine depletion, increased asymmetric
dimethyl L-arginine production, and eNOS S-glutathionylation
(4, 5, 10–13).
To prevent and reduce the risks of coronary disease and car-

diovascular morbidity and mortality, several therapeutic
approaches have been proposed to lower these risks, including
supplementation of BH4 and its precursor, antioxidants such as
vitamin C and E, and superoxide dismutase (SOD) or related
enzymemimetics (10, 14). However, these approaches may not
completely prevent or rescue eNOS function and coupling (4).
As such, it is important to fully investigate themolecularmech-
anism of eNOS redox regulation in response to oxidative stress,
and the fundamentalmechanisms leading to eNOSuncoupling.
Previously, it has been demonstrated that eNOS phosphory-

lation and protein-protein interaction play important roles in
regulating eNOS function (1, 15). In our earlier study, we dem-
onstrated that phosphorylation of eNOS Ser-1177 greatly
increased eNOS O2

. generation from uncoupled enzyme and
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altered eNOS Ca2� sensitivity (16). In contrast, phosphoryla-
tion of eNOS Thr-495 increased the association with caveolin,
by which O2

. generation from the uncoupled eNOS was
inhibited.
There is growing evidence that increasing oxidative stress

alters the function of several enzymes through oxidative post-
translational modification, such as S-glutathionylation, nitra-
tion, or nitrosylation (17–19). These modifications can either
decrease or increase enzymatic activities to protect cells from
further damage caused by the oxidative stress. Human eNOS,
which is of critical importance in maintaining cardiovascular
function, contains 27 cysteines that are conserved in all known
mammalian eNOS. Thiol depletion in vivo greatly reduces NO
production from eNOS (20–22). It has been shown that reduc-
ing agents, such as DTT or GSH, can enhance NO synthase
activity (23, 24). Moreover, S-nitrosylation of eNOS has been
shown to regulate its enzymatic activity (25), and proteomic
analysis identified several cysteinyl residues involved in this
modification.
Recently, we demonstrated that eNOS S-glutathionylation

uncouples the enzyme leading to the increase in O2
. generation

from hypertensive vessels as well as bovine aortic endothelial
cells (BAECs) treated with N,N�-bis(2-chloroethyl)-N-nitroso-
urea (13). Two highly conserved cysteine residues were
identified as primary sites for this eNOS S-glutathionylation.
Together, these findings suggest that the sulfhydryl groups of
cysteines in eNOS are of critical importance inmaintaining and
regulating NOS function. Thus, it is important to investigate
the fundamental mechanism of eNOS thiol oxidation and the
effect that this has on the function of this critical enzyme.
The recently developed immunospin trapping technique

using an anti-DMPOantibody (26) was used to characterize the
mechanism of eNOS thiol oxidation. We demonstrate that O2

.

oxidizes eNOS sulfhydryl groups to form protein radicals visu-
alized by immunoblotting using an anti-DMPOantibody.Mass
spectrometric analysis and site-directed mutagenesis are
also used to identify the precise site of eNOS thiyl radical
formation. This eNOS protein radical formation leads to
modification of the function and coupling of the enzyme
through subsequent S-glutathionylation or disulfide forma-
tion and is shown to occur in endothelial cells under oxidant
stress. Thus, eNOS protein thiol-radical formation provides
a uniquemechanism for O2

. -directed regulation of eNOS and
cardiovascular function.

EXPERIMENTAL PROCEDURES

Materials—DMPO was obtained from Dojindo Molecular
Technologies, Inc. (Rockville, MD), 5-diethoxyphosphoryl-5-
methyl-1-pyrroline N-oxide (DEPMPO) was from Radical
Vision (Jerome, Marseille, France), and anti-DMPO antibody
was from Alexis Biochemicals (San Diego, CA). Anti-NOS3
(C-20) HRP and anti-NOS3 (C-20) agarose conjugate antibod-
ies were both obtained from Santa Cruz (Santa Cruz, CA); anti-
eNOS (mouse IgG1) was from BD Biosciences (Sparks, MD);
NADPH, L-Arg, calmodulin, Mn-SOD, and Tris were from
Sigma-Aldrich. Secondary anti-rabbitAlexa fluor-568 and anti-
mouse Alexa fluor-488-conjugated antibodies were purchased

from Invitrogen. Rat nNOS reductase domain (695–1429
amino acids) was a gift from Dr. Dennis J. Stuehr (27).
Protein Expression and Purification—Human eNOS was

purified from an Escherichia coli overexpression system in
which plasmids eNOS (pCWeNOS) and calmodulin (pCaM)
were coexpressed in BL21(DE3). The detailed expression and
purification procedures have been described previously (16, 28,
29).
Protein and Heme Content Determination—Protein concen-

tration of purified eNOS was determined by the Bradford assay
fromBio-Rad using bovine serum albumin as the standard. The
heme content of eNOSwas determined by pyridine hemochro-
mogen assay (16).
Measurement of O2

. Generation by EPR Spin-Trapping—
Spin-trappingmeasurements (16) of oxygen radical production
from eNOS were performed in 50 mM Tris-HCl buffer, pH 7.4,
containing 1 mMNADPH, 0.5 mM Ca2�, 10 �g/ml calmodulin,
15 �g/ml purified WT eNOS or C908A eNOS, and 25 mM

DEPMPO. EPR spectra were recorded in a 50-�l capillary at
room temperature with a Bruker EMX spectrometer operating
at 9.86 GHz with 100 kHz modulation frequency as described
(16). Spectra were measured with: center field, 3510 G; sweep
width, 140 G; power, 20 milliwatt; receiver gain, 2 � 105; mod-
ulation amplitude, 0.5 G; time of conversion, 41 ms; time con-
stant, 328 ms.
Immunoblotting of eNOS Protein Radicals—To form the

eNOS DMPO adduct, BH4-free eNOS (5 �g) was used to self-
generate O2

. in presence of 0.5 mM Ca2�, 10 �g/ml calmodulin
or nNOS reductase domain (4 �g) was used as an exogenous
O2
. source, which in turn canmodify sulfhydryl groups of eNOS

to form protein radicals. The reaction mixture (20 �l) was ini-
tiated by 1mMNADPH.When nNOS reductase was used as an
exogenous O2

. source, no calmodulin/calcium was included in
the reaction. These short-lived protein radicals were trapped
with the spin trapDMPO (50mM) (30) at room temperature for
30 min, and the reaction mixtures were then subjected to
immunoblotting analysis. Standard procedures for SDS-PAGE
and immunoblotting were as described previously (16).
Mass Spectrometry Analysis of eNOS Protein Radicals—The

protein sample was subjected to SDS-PAGE using 4–20% gra-
dient polyacrylamide. Protein bands on the gel were then
stained with Coomassie Blue. The band containing the eNOS
DMPO protein radical adduct, which was confirmed by immu-
noblotting with an anti-DMPO antibody, was cut and digested
in-gel with trypsin, chymotrypsin, or both before MSmeasure-
ment (30). The eNOSDMPO protein radical adduct was deter-
mined using capillary-liquid chromatography tandem mass
spectrometry (Nano-LC-MS/MS), which was performed on a
Micromass hybrid quadrupole time-of-flight IImass spectrom-
eter (Micromass, Wythenshaw, UK) equipped with an orthog-
onal nanospray source (New Objective, Woburn, MA) opera-
tive in positive ion mode. The detailed parameters used in the
MS measurements were as described previously (13, 30).
Sequence information fromMS/MS data were processed using
the Mascot Distiller software with standard data processing
parameters. Database searches were performed using
MASCOT (Matrix Science, Boston,MA) and PEAKS (Bioinfor-
matics Solutions, Waterloo, Canada) programs.
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Molecular Modeling of eNOS Reductase Domain—The
three-dimensional structure of human eNOS reductase
domain was generated using the reductase domain of rat neu-
ronal NOS (Protein Data Bank code 1F20) by Swiss molecular
modeling as previous described (13).
Mutagenesis of Wild-type (WT) eNOS Cys-908 to Ala—The

bacterial expression plasmid pCWeNOS (29, 31) was used to
generate the eNOS Cys mutant, using a QuikChange site-di-
rectedmutagenesis kit (Stratagene, La Jolla, CA). The sequence
of primers was as follows: sense, 5�-GAAGTGGTTCCGCGC-
CCCCACGCTGCTG-3�; and antisense, 5�-CAGCAGCGTG-
GGGGCGCGGAACCACTTC-3�. The sequence of the eNOS
(C908A) mutant in pCWeNOS was confirmed by DNA
sequencing at the Plant-Microbe Genomic Facility at the Ohio
State University.
EPR Spin-Trapping Measurement of NO Production—Spin-

trapping measurements of NO from purified WT eNOS or
C908A eNOS were performed using a Bruker EMX spectrom-
eter with Fe-MGD (0.025 mM Fe2� and 0.25 mM MGD) as the
spin trap, as described previously (32, 33). 0.4 �g/�l of eNOS
was used in the presence of 10 �M BH4, and the reaction was
initiated with the addition of 1 mM NADPH in the presence of
eNOS cofactors.
Determination of Reductase Activity of eNOS Using Cyto-

chrome c Assay—The reductase activities of WT or C908A
mutant eNOS were determined using the cytochrome the c
assay (34). The reaction was carried out in a total volume of 500
�l containing eNOS (10–15 �g) in 50 mM Tris-HCl, pH 7.2, 1
�� CaM, 0.2 mM CaCl, Mn-SOD (400 units/ml), and 100 �M

cytochrome c. The reaction was initiated by the addition of
NADPH to a final concentration of 0.5 mM. The heme reduc-
tion of cytochrome cwasmonitored at 550 nmusing anAgilent
8453 UV-visible spectrophotometer. Mn-SOD (400 units/ml)
was included to eliminate the cytochrome c reduction contrib-
uted by O2

. . The linear portion of the kinetic traces was used to
calculate the rate of cytochrome c reduction and reductase
activity of eNOS.
FAD/FMN Measurement Using HPLC Chromatography—

The ratio of FAD/FMNofWTorC908A eNOSwas determined
using HPLC chromatography (35, 36). The purified eNOS (70
�g in 300 �l) was first boiled for 10 min to release FAD and
FMN from the protein. Protein was removed by filtration
through aMicrocon-3 (Millipore). 20�l of the FAD/FMN-con-
taining filtrates were separated on an ESA HPLC system with a
C18 reverse phase column (TSK-GEL ODS-80T, 4.6 mm � 25
cm).After injection, bufferA (5mMammoniumacetate, pH6.0,
and 7% methanol) with a flow rate at 1 ml/min was used for 4
min. Then a linear gradient was developed to 70% methanol
using buffer B (5 mM ammonium acetate, pH 6.0, 70% metha-
nol) over 16 min. An ESA fluorometer with excitation wave-
length set at 460 nmand emissionwavelength set at 530 nmwas
used to detect FAD and FMN. FAD and FMNwere completely
separated with elution times of 14.2 and 15.8 min, respectively.
The peak area was used to calculate the ratio of FAD/FMN
compared with the FAD and FMN standards.
Measurement of O2

.-induced S-Glutathionylation and Disul-
fide Bond Formation—BH4-free heNOS (0.25 �g/�l, 1.85 �M)
was incubated in the presence of 2mMGSH in a volume of 20�l

in 50 mM Tris-HCl, pH 7.2, and the reaction was initiated by
adding 1mMNADPH in the presence or absence of 1mM L-Arg
at room temperature for 30 min. The control experiment with-
out addition of NADPH was always performed. The reaction
mixture was then subjected for 4–20% SDS-PAGE separation
under nonreducing conditions and immunoblotting analysis
using anti-GSHmonoclonal antibody (ViroGen) or anti-eNOS
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz,
CA). The signal intensity of the immunoblots was digitized and
quantified with Image J from the National Institutes of Health.
Measurement of O2

. Generation from BAECs by EPR
Spin-Trapping—Spin-trapping measurements of oxygen radi-
cal production fromBAECswere performed in PBS in the pres-
ence of 50 mM DMPO. O2

. generation from BAECs was acti-
vated by the addition of 10 �M menadione (37). EPR spectra
were recorded in a 50-�l capillary at room temperature with a
Bruker EMX spectrometer operating at 9.86GHzwith 100-kHz
modulation frequency as described (5).
Cellular Studies and Immunofluorescence Microscopy—

BAECs cultured on sterile coverslips (Harvard Apparatus, 22
mm2) in 35-mm sterile dishes at a density of 104 cells/dish were
subjected to 10 �M menadione treatment in the presence of 50
mMDMPO. At the end of the experiment (16), cells attached to
coverslips were washed with phosphate-buffered saline (PBS)
and fixed with 3.7% paraformaldehyde for 10 min, permeabi-
lized with 0.25% Triton X-100 in Tris-buffered saline with
Tween (TBST) containing 0.01% Tween 20 for 10 min, and
blocked for 1 hwith 5%goat serum inTBST. For visualization of
eNOS DMPO protein radical adducts, the fixed and permeabi-
lized cells were incubated with rabbit anti-DMPO and mouse
anti-eNOS primary antibodies at a dilution of 1:1000 in TBST
containing 5% goat serum for 2.5 h at room temperature, fol-
lowed by secondary anti-rabbit Alexa fluor-568- and anti-
mouse Alexa fluor-488-conjugated antibody (1:1000 dilution)
for 1 h at room temperature. The coverslipswith cells were then
mounted on a glass slide with antifade mounting medium and
viewed with a Zeiss confocal microscope (LSM 510; Zeiss Inc.,
Peabody, MA) at a magnification of 60�, and data were cap-
tured digitally (16).
Immunoprecipitation—BAECs were treated with 10 �M

menadione to activate cellular O2
. generation. eNOS protein

radicals were trapped in vivo using 50 mM DMPO. Cellular
eNOS DMPO adducts were first immunoprecipitated using
either anti-DMPO or anti-eNOS antibodies, followed by
immunoblotting with anti-eNOS or anti-DMPO antibodies,
respectively.

RESULTS

DEPMPOEPR Spin-Trapping of O2
. Generation fromPurified

eNOS in the Absence of BH4—In the absence of BH4, eNOS is
uncoupled and generatesO2

. . Consistentwith prior reports, this
O2
. generation from eNOS is inhibited by L-NAME and requires

Ca2�/CaM (Fig. 1a) (5, 11). The addition of 10 �M or 1 mM

L-Arg further increases its O2
. generation by 2.5-fold. L-NAME

(1mM) orMn-SOD (200 units/ml) fully quenched the observed
O2
. generation. Upon reconstitution with BH4 noO2

.-DEPMPO
adduct was detected from eNOS. These results along with inhi-
bition by L-NAME and Ca2�/CaM dependence demonstrate
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thatO2
. generated fromBH4-depleted eNOS is derived from the

heme center.
Characterization of eNOS Protein Radicals Using Uncoupled

Enzyme or an Exogenous O2
. Source—We have previously iden-

tified the site of protein radical formation in NADH dehydro-
genase induced by O2

. using immunospin trapping (30). In this
study, BH4-free eNOS was used, as noted above, to self-gener-
ate O2

. , or a purified nNOS reductase domain was used to pro-
vide an exogenous O2

. source. This O2
. in turn canmodify labile

functional groups of eNOS to form protein radicals. We
trapped these short-lived protein radicals with the spin trap
DMPO. Immunoblotting with anti-DMPO antibody demon-
strated that BH4-free eNOS formed the protein-centered radi-
cals, by self-generatedO2

. or exogenousO2
. , that were abolished

byMn-SOD (Fig. 1b). The addition of theNOS substrate, L-Arg
(10 �M and 1 mM) increased eNOS-mediated O2

. generation
(Fig. 1a) and also increased protein radical formation. Protein
radical formation from BH4-free eNOS was also largely inhib-
ited by the NOS-specific inhibitor, L-NAME (1 mM). Following
the addition of BH4, which abolishes eNOS-mediated O2

. gen-
eration, no eNOS-derived protein radical was observed. These
results demonstrate that O2

. , generated from either eNOS or
from an exogenous source, oxidatively modifies eNOS.
Identification of the eNOS Protein Radical by Mass

Spectrometry—To begin to understand how the O2
. -induced

eNOS protein radical formation could affect eNOS function, it

is important to determine the precise sites of the DMPO-
trapped eNOS protein radicals. Purified BH4-free eNOS was
incubated with NADPH (1 mM) and 50 mM DMPO at room
temperature for 1 h. This reaction mixture was then subjected
to SDS-PAGE separation. The band corresponding to the
DMPO-trapped eNOS protein radical adduct was cut and
digested with trypsin, chymotrypsin, or both, and then the
digested peptide fragments were determined by LC-MS/MS as
described under “Experimental Procedures.”
With the addition of one molecule of DMPO, the molecular

mass of the DMPO-modified peptide fragment will increase by
111 Da compared with the nonmodified peptide fragment. The
peptides with a mass difference of 111 Da were identified by
LC/MS, and the sequence of the modified peptides was deter-
mined by MS/MS. From the mass determination, one specific
modified cysteine residue, Cys-908, was identified in the tryp-
tic/chymotryptic fragment EEWKWFRC*PTLL (amino acids
901–912; Fig. 2a).
Molecular Modeling of Human eNOS Reductase Domain—

From the three-dimensional structure of human eNOS reductase
domain, Cys-908 is located at the interface of FAD and FMN
domain (Fig. 2b). This residue is conserved throughout allmam-
malian species. Structural perturbation on this interface will be
expected when this residue is mutated to Ala, but not to Ser,
allowing oxygen to access this pocket.
Mutagenesis of eNOS Cys-908 to Ala Resists Thiyl Radical

Formation andUncouples eNOS—Site-directedmutagenesis of
eNOS Cys-908 to Ala was used to further confirm this assign-
ment and to determine the importance of Cys-908 on the eNOS
function and redox regulation. C908Amutant totally abolished
eNOS protein radical formation in BH4-free eNOS as deter-
mined by immunoblotting (Fig. 3a). The NO production from
WT and C908A eNOSwas directly measured by EPR spin trap-
ping using Fe-MGD. The mutation of this Cys residue greatly
decreased measured NO production from the enzyme with
more than a 10-fold decrease compared with WT eNOS (Fig.
3b). The addition of Mn-SOD (200 units/ml) significantly
increased the measured NO, indicating that the C908A muta-
tion alters the function of eNOS to produce O2

. , in lieu of NO,
which in turn scavenges and decreases the trapped NO. With
the mutation to Ala, because of a change in size and polarity of
this residue, the perturbation at the FAD/FMN interface is
expected, and this can lead to a decrease in NO production and
electron leakage. Previously, it has been demonstrated that site-
directed mutagenesis of electronegative residues at the FMN
module of neuronal NOS affects electron transfer and NOS
catalytic activity (38). This further supports our results of Cys-
908 playing an important role in electron transfer in the reduc-
tase domain, as well as regulating eNOS activity.
To further study the role of Cys-908 in eNOS function, O2

.

generation from WT and C908A mutant was measured in the
presence of specific NOS inhibitors. Under BH4-free conditions
eNOS-derived O2

. is inhibited by L-NAME and imidazole and is
sensitive to Ca2�/CaM (Fig. 3c). However, O2

. generated from the
C908A mutant is not inhibited by either L-NAME or imidazole
and is notCa2�/CaM-dependent (Fig. 3c). This demonstrates that
the O2

. generated from the C908A eNOS is not from the heme
center but rather derived from the reductase domain.

FIGURE 1. O2
. generated from uncoupled eNOS induces eNOS protein rad-

ical formation. a, EPR spin trapping of O2
. generated by eNOS. The reaction

system contained 50 mM Tris-HCl buffer, pH 7.4, 1 mM NADPH, 0.5 mM Ca2�, 10
�g/ml CaM, 15 �g/ml purified eNOS, and 25 mM spin trap DEPMPO. The spec-
tra were recorded at room temperature with a microwave frequency of 9.863
GHz, 20 milliwatts of microwave power, and 1.0 G modulation amplitude.
b, immunoblotting analysis of protein radical formation. Lanes 1– 6, O2

. is gen-
erated from BH4-free eNOS. Lane 1, BH4-free eNOS; lane 2, �10 �M Arg; lane 3,
�1 mM Arg; lane 4, �1 mM L-NAME; lane 5, �Mn-SOD; lane 6, �10 �M BH4.
Lanes 7 and 8, O2

. is generated from nNOS reductase domain. Lane 7, BH4-free
eNOS � nNOS reductase domain (nNOSR); lane 8, �Mn-SOD.
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Mutagenesis of eNOS Cys-908 to Ala Affects Reductase Activ-
ity of eNOS and FAD/FMN Binding—Cytochrome c reductase
activity, which is a useful predictor of changes in the equilib-
rium between FAD and FMN of NOS (37), was used to deter-
mine the effect of mutation of Cys-908 to Ala on the reductase
activity of eNOS.The reductase activity ofWTeNOS is 473.8�
13.4 nmol/mg/min at room temperature. The reductase activ-
ity of C908A eNOS is 198.9 � 12.5 nmol/mg/min. The content
of FAD/FMN of eNOSwasmeasured to determine the effect of
Cys mutation on the binding of FAD/FMN to eNOS. The ratio
of FAD/FMN was determined using HPLC. The ratio of FAD/
FMN for WT eNOS is 0.98 � 0.02. The ratio of FAD/FMN for
C908A eNOS is 0.80 � 0.02. The results are expressed as the
means � S.E. (n � 3).
O2
. Generated fromUncoupled eNOS Induces S-Glutathiony-

lation and Disulfide Bond Formation through Protein Radical
Intermediates—BH4-free eNOS was used to self-generate O2

. .
This O2

. in turn reacted with eNOS thiols to form protein thiyl
radical intermediates. In the presence of GSH (0.1, 0.5, and 2
mM), this eNOS thiyl radical can react with GSH to generate
S-glutathionylated eNOS (Fig. 4a). This protein S-glutathiony-
lation is reversible when it is treated with 1 mM DTT. In the
absence of GSH, this eNOS thiyl radical can react with a vicinal
free thiol to form interdisulfide bonds. Under nonreducing
eNOS immunoblotting analysis, the formation of eNOS dimer
is increased when eNOS is uncoupled (Fig. 4b). This eNOS
interdisulfide bond formation can be prevented with the addi-
tion of GSH and is reversed with 1 mM DTT.
Glutathione and DMPO Compete for eNOS Protein Radical—

An increase inO2
. production has been shown to increase eNOS

DMPO adduct formation (see the prior section). We also show
that the formation of eNOS protein radical can further react
with GSH to form eNOS S-glutathionylation. To examine
whether the eNOS protein radical trapped by DMPO, also con-
tributes to eNOS S-glutathionylation, GSH competition for
eNOS DMPO protein radical formation or DMPO competi-
tion for O2

. -induced eNOS S-glutathionylation experiments
were performed. GSH (1–10 mM) dose-dependently inhibits
eNOS DMPO protein radical formation (Fig. 5a). No eNOS
DMPO protein radical is seen when concentration of GSH is 5
mM. DMPO (20–100 mM) also dose-dependently inhibits
O2
. -induced eNOS S-glutathionylation in the presence of 2 mM

GSH (Fig. 5b). Thus, this suggests that the mechanism of for-
mation of eNOS S-glutathionylation at Cys-908 is from eNOS
thiyl radical intermediates that are induced by O2

. .
Formation and Trapping of eNOS Protein Radicals in Endo-

thelial Cells under Oxidative Stress—Experiments were per-
formed to determine whether eNOS protein radicals occur in
endothelial cells under oxidative stress. DMPO EPR spin-trap-
ping was first used to determine the extent of O2

. generation
from BAECs induced by menadione, which uncouples flavin-

containing reductases (37). Menadione-treated BAECs exhib-
ited a prominent DMPO radical adduct signal composed
mostly of DMPO-OHwith a smaller DMPO-R EPR signal (Fig.
6a) (39–41). As previously reported, this indicates that mena-
dione activates O2

. -derived radical generation (37). In BAECs
treatedwithmenadione, confocalmicroscopywith anti-DMPO
and anti-eNOS antibodies demonstrated a marked increase in
cellular DMPO protein radicals that colocalized with eNOS
(Fig. 6b). Immunoprecipitation with anti-eNOS and anti-
DMPO followed by immunoblotting with anti-DMPO or anti-
eNOS antibodies confirmed that eNOS protein radical forma-
tion occurred in these cells (Fig. 6c).

DISCUSSION

Oxidative post-translational modifications of many en-
zymes, such as S-glutathionylation, nitration, or nitrosylation,
have been implicated in signal transduction (42–48). Recently,
we have demonstrated that eNOS can be S-glutathionylated
under oxidative stress in vivo and in vitro, leading to an uncou-
pling of the enzyme (13). Indeed, several reports have also
shown that protein S-glutathionylation plays an important role
in redox signaling and can be protective against irreversible
oxidation of the protein thiols in cardiovascular diseases (17,
49). As such, it is important to understand the mechanism of
this redox-directed enzyme regulation, opening another poten-
tial mode of therapeutic intervention to treat cardiovascular or
other oxidant-derived diseases.
Under oxidative stress or disease,O2

. generated fromeNOS is
expected to increase with the reversible depletion of cellular
BH4 (4, 16, 50). The increased O2

. will in turn react with func-
tional groups of proteins, including eNOS, with the formation
of labile intermediate protein radicals, leading to protein oxida-
tion or oxidative modification. Irreversible oxidation is the pri-
mary cause of protein damage under oxidative stress leading to
cell death; in contrast, reversible oxidation, such as the forma-
tion of disulfide ormixed disulfide bonds, can protect cells from
oxidative damage and act as a redox sensor.
In the current report, we demonstrate that eNOS can be oxi-

dized by eNOS-derived O2
. or an exogenous O2

. source leading
to protein-centered radical formation. This eNOS protein radical
formation is dependent upon NOS uncoupling, substrate avail-
ability, or an exogenousO2

. source, whereas antioxidant enzymes,
such as SOD, canprotect eNOS from this thiol oxidation.As such,
identificationof theprecise site of eNOSprotein radical formation
provides key insight regarding how oxidative modification of this
enzyme is involved in redox regulation.
Using mass spectrometric analysis, we identified eNOS Cys-

908 as the site of protein radical formation. The formation of
the thiyl radical is one of the primary mechanisms for thiol
oxidation. Thiyl radical formation is a one-electron oxidation,
which in turn can react with a vicinal protein thiol or GSH to

FIGURE 2. Mass spectrometry and molecular modeling reveal that Cys-908 is the site for eNOS protein radical formation. a, LC-MS/MS analysis of eNOS
protein radical formation. Protein radical formation was demonstrated to be on Cys-908 using DMPO as a trap. The molecular mass difference between
fragment ions b7 and b8 demonstrated a mass shift of 111 Da compared with the native fragment ions; this allowed unequivocal assignment of the DMPO
adduct to Cys-908. b, molecular modeling of human eNOS reductase domain. The three-dimensional structure of human eNOS reductase domain was
generated using the reductase domain of rat neuronal NOS (Protein Data Bank code 1F20) by Swiss molecular modeling. Cys-908 (C908) is located at the
interface of FAD and FMN domain. This residue is conserved throughout all mammalian species. Structural perturbation of this domain is expected when this
residue is mutated to Ala allowing oxygen to access this pocket.
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form a disulfide bond or a mixed disulfide bond (i.e. S-gluta-
thionylation) (45, 46). Protein S-glutathionylation occurs
through the reversible formation of a mixed disulfide bond
between protein cysteine thiols and GSH, the most abundant

lowmolecular mass thiol in cells. The identification of Cys-908
as the site of protein radical formation provides direct mecha-
nistic evidence for an oxidant-induced process of eNOS regu-
lation that can lead to S-glutathionylation (13).

FIGURE 3. C908A mutation of eNOS prohibits thiyl radical formation and uncouples eNOS. a, immunoblotting of WT eNOS and eNOS C908A to
measure protein radical formation. The upper panel is eNOS protein radical formation trapped by DMPO, when eNOS is uncoupled, and immunoblotting
against anti-DMPO antibody. Lane 1 is protein radical formation from WT eNOS and trapped by DMPO. Lane 2 is the same as in lane 1 with the addition
of Mn-SOD. Lane 3, as in lane 1, eNOS C908A and trapped DMPO. Lane 4 is same as in lane 3 with the addition of Mn-SOD. The lower panel shows an
immunoblot for eNOS. b, EPR Fe-MGD NOS activity determination. The top spectrum is the NO generated from WT eNOS. The middle spectrum is the NO
generated from eNOS C908A. The bottom spectrum is the NO generated from eNOS C908A plus Mn-SOD. c, determination of
O2

. generation from WT eNOS and eNOS C908A by DEPMPO EPR spin-trapping. The left panel is the O2
.-DEPMPO EPR spectra of WT eNOS. The right panel

is the O2
. -DEPMPO EPR spectra of eNOS C908A. All of the experiments were performed at least in triplicate.
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There are several proposed mechanisms of S-glutathionyla-
tion (45, 46). Thiol-disulfide exchange with oxidized glutathi-
one (GSSG) is one of the mechanisms for S-glutathionylation.
In addition, reactive oxygen species and reactive nitrogen spe-
cies-derived thiyl radicals can in turn react with GSH and pro-
tein thiols to generate protein S-glutathionylation. It has been

FIGURE 4. Mechanistic study of eNOS S-glutathionylation and interdisul-
fide bond formation. a, O2

. generated from BH4-free eNOS induces protein
S-glutathionylation formation. The upper panel is eNOS S-glutathionylation
formation through eNOS protein thiyl radical in the presence of GSH, when
eNOS is uncoupled, and immunoblotting against anti-GSH antibody. Lane 1 is
eNOS only. Lane 2 is eNOS with 0.5 mM GSH. Lane 3 is the uncoupled eNOS.
Lane 4 is the uncoupled eNOS with 0.1 mM GSH (20 min). Lane 5 is the uncou-
pled eNOS with 0.5 mM GSH (20 min). Lane 6 is the uncoupled eNOS with 2 mM

GSH (20 min). Lanes 7 and 8 are samples from lanes 3 and 5, respectively,
treated with 1 mM DTT. The lower panel shows immunoblotting for eNOS.
b, O2

. generated from BH4-free eNOS induces eNOS interdisulfide formation.
Immunoblotting against anti-eNOS antibody is used to determine eNOS
monomer and dimer under the nonreducing SDS-PAGE separation. Lane 1
is the uncoupled eNOS. Lanes 2 and 3 are eNOS with 0.5 or 2 mM GSH,
respectively. Lane 4 is the uncoupled eNOS with 0.5 mM GSH (20 min). Lane
5 is the uncoupled eNOS with 2 mM GSH (20 min). Lane 6 is the uncoupled
eNOS with 0.5 mM (60 min). Lane 7 is sample from lane 5 treated with 1 mM

DTT.

FIGURE 5. Glutathione and DMPO compete for O2
.-induced eNOS protein

radical. a, GSH dose-dependently inhibits O2
. -induced eNOS DMPO adduct.

The upper panel is a blot against anti-DMPO antibody. The lower panel is a blot
against anti-eNOS antibody. Lane 1, BH4-free eNOS in the presence of all NOS
cofactors and 50 mM DMPO, and the reaction is initiated with 1 mM NADPH for
30 min at room temperature. Lane 2, the reaction is the same as in lane 1 with
the addition of 1 mM GSH. Lane 3, with addition of 5 mM GSH. Lane 4, with
addition of 10 mM GSH. b, DMPO dose-dependently inhibits O2

. -induced
eNOS S-glutathionylation. The upper panel is a blot against anti-GSH anti-
body. The lower panel is a blot against anti-eNOS antibody. Lane 1, BH4-
free eNOS in the presence of all NOS cofactors and 2 mM GSH, with the
reaction initiated by 1 mM NADPH for 30 min at room temperature. Lane 2,
the reaction is the same as in lane 1 with the addition of 20 mM DMPO. Lane
3, with the addition of 50 mM DMPO. Lane 4, with the addition of 100 mM

DMPO.

FIGURE 6. In vivo protein radical formation from endothelium under oxi-
dative stress. a, DMPO EPR spin-trapping of O2

. generated from BAECs
induced by 10 �M menadione. The upper spectrum is the EPR signal of control
BAECs with 50 mM DMPO spin trap. The lower spectrum is the EPR signal of
BAECs with 50 mM DMPO spin trap activated by the addition of 10 �M mena-
dione. b, immunomicroscopic detection of eNOS protein radical formation in
endothelium using anti-DMPO antibody (green) and anti-eNOS antibody
(red). The upper panels are control BAECs with the addition of DMPO trap, dem-
onstrating no detectable protein radical formation. The lower panels are BAECs
treated with 10 �M menadione with the addition of the DMPO trap, demonstrat-
ing marked protein radical formation (green) that colocalized with eNOS (red). c,
immunoprecipitation of DMPO protein radical adducts from BAECs. Lane 1, con-
trol BAECs; lane 2, BAECs are treated with menadione. The upper panel is the
immunoprecipitation (IP) with anti-DMPO antibody followed by immunoblot-
ting (IB) against anti-eNOS. The lower panels are the immunoprecipitation with
anti-eNOS antibody followed immunoblotting with anti-DMPO antibody. All of
the experiments were performed at least in triplicate.
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suggested that thiol-disulfide exchange with GSSG can only
occur when cellular GSSG/GSH ratio is high (42, 43, 46). It is
believed that formation of thiol intermediates, such as the thiyl
radical, sulfenic acid, or S-nitrosyl, is a more rapid and efficient
mechanism for protein S-glutathionylation in vivo and that
these mechanisms could play a role in signal transduction.
In our current study, we demonstrate that eNOS thiols can

be oxidized by O2
. generated from uncoupled eNOS, an exoge-

nous source, or cellular oxidative stress through the formation
of a thiyl radical in vitro or in vivo. The specific site of protein
radical formation at Cys-908 provides a novel mechanism of
eNOS thiol modification that can lead to further redox modifi-
cations, such as S-glutathionylation, which has been reported
to regulate eNOS function in response to oxidative stress (13,
51, 52). We demonstrate that protein thiyl radicals generated
from uncoupled eNOS do indeed react with reduced glutathi-
one to form eNOS S-glutathionylation. Thus, the formation of
an eNOS protein radical on Cys-908 provides a post-transla-
tional mechanism that can regulate eNOS function through
oxidative modification to form eNOS S-glutathionylation or
disulfide bond formation as demonstrated in this study. Fur-
thermore, an increase in GSH can inhibit eNOS DMPO radical
adduct formation, whereas increasing DMPO concentrations
inhibit eNOS S-glutathionylation, suggesting that Cys-908 is
the residue for eNOS thiyl radical formation, which in turn can
react with GSH to form S-glutathionylated eNOS.
Site-directed mutagenesis of eNOS Cys-908 to Ala con-

firmed that Cys-908 is of critical importance for the regulation
of eNOS function in response to oxidative stress. Mutagenesis
of this residue demonstrated thatCys-908 is the primary site for
the O2

. -induced formation of the eNOS protein radical in
response to oxidative stress. Moreover, this mutation greatly
decreases the NOS activity and cytochrome c reductase activity
of the C908A. The cytochrome c reductase activity of NOS has
been used to measure electron efflux from the reductase
domain of NOS and is a useful predictor of changes in the equi-
librium between FAD and FMN of NOS (53). Thus, the
decrease in the cytochrome c reductase activity of C908A
mutant suggests that this residue is involved in regulating elec-
tron transfer in the reductase domain of eNOS by altering the
electron transfer between FAD and FMN, leading to possible
electron leakage from this site and a decrease inNOproduction
from the enzyme. In our previous report (13), when Cys-908
was mutated to Ser, a conservative mutation, there was no
effect on NO production from the enzyme. However, when
mutated to Ala, there is a change in the size and polarity of this
residue, the perturbation at the FAD/FMN interface is
expected, and this can lead to a decrease in NO production and
electron leakage from the site.
O2
. generated from the C908A mutant is not inhibited by

either L-NAME, a NOS competitive inhibitor, or imidazole, a
heme-binding ligand, and is also independent of Ca2�/CaM,
which is necessary for transfer of electrons from the flavins in
the reductase domain to the heme center. Themutation of Cys-
908 to Ala slightly alters the binding of FAD and FMN to the
enzyme. Moreover, from the predicted three-dimensional
structure of the eNOS reductase domain, we found that Cys-
908 is located in the eNOS reductase domain near the FAD-

binding site (Fig. 2a). As such, we hypothesize thatmutagenesis
of eNOS Cys-908 to alanine could alter the structure of this
FAD and FMN interface and increase oxygen accessibility to
the flavins contributing to electron leakage from this domain
leading to the observed increase in O2

. generation and a
decrease in electron transfer from the reductase domain to the
heme center decreasing NO production. Thus, the observed
O2
. -induced eNOS thiol oxidation at Cys-908 and subsequent

S-glutathionylation could play an important role in regulating
eNOS function by allowing for the regulation of electron flow
from the reductase domain to the oxygenase domain, and given
the known reactions of protein thiol-radicals, this residue could
be involved in a redox-signaling based regulation of eNOS and,
ultimately, cardiovascular function.
The oxidative stress produced during ischemia/reperfusion

injury has been found to lead to the S-glutathionylation of sev-
eral important proteins, such as aconitase and triose phosphate
isomerase (54). eNOS is of critical importance in maintaining
proper cardiovascular function. The detailed understanding of
howoxidants alter its structure/functionwith increasing oxida-
tive stress as occurs during ischemia/reperfusion will facilitate
the development of strategies to prevent these injuries and alle-
viate the underlying processes of oxidant induced disease. We
have demonstrated that O2

. generation in endothelium leads to
increases in eNOS protein radical formation, and this observation
is consistent with our results on purified eNOS, which demon-
stratedeNOSprotein radical formationvia self-generatedO2

. oran
exogenous O2

. -generating source. Thus, in vivo, eNOS cysteine
residues are potential targets for both reversible and irreversible
oxidative modifications and are potentially involved in redox sig-
naling during oxidative stress.
In conclusion, the increase in O2

. generation found under
oxidative stress can induce eNOS protein radical formation
contributing to oxidative modification. The formation of the
eNOS protein radical is dependent on the decreased availability
of cofactors, and substrates of eNOS, or the presence of an
exogenous O2

. source. These eNOS protein radical intermedi-
ates can in turn react with vicinal protein thiol or GSH to form
a disulfide bond or S-glutathionylation. The identification of
Cys-908 as a primary target for radical formation provides a
novel mechanism by which eNOS is regulated in response to
oxidative stress. This site-specific thiol redox modification can
modulate cardiovascular function as demonstrated here and in
our prior study (13) by altering eNOS function switching the
enzyme from NO production to O2

. generation. Thus, the
molecular mechanism of eNOS thiol oxidation delineated in
this work serves as a critical step toward understanding the
redox regulation of eNOS and endothelial-mediated vascular
function as well as the alterations that occur in diseases associ-
ated with oxidative stress.
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