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EDITORIAL

S-Glutathionylation Reshapes Our Understanding
of Endothelial Nitric Oxide Synthase Uncoupling and Nitric
Oxide/Reactive Oxygen Species-Mediated Signaling

Jay L. Zweier] Chun-An Chen, and Lawrence J. Druhan'?

Abstract

Oxidative stress has been shown to convert endothelial nitric oxide synthase (eNOS) from an NO-producing
enzyme to an enzyme that generates superoxide, a process termed NOS uncoupling. This uncoupling of eNOS
converts it to function as an NADPH oxidase with superoxide and hydrogen peroxide generation. eNOS un-
coupling has been associated with many pathophysiologic conditions, such as heart failure, ischemia/reperfu-
sion injury, hypertension, atherosclerosis, and diabetes. The mechanisms implicated in the uncoupling of eNOS
include oxidation of the critical NOS cofactor tetrahydrobiopterin, depletion of L-arginine, and accumulation of
methylarginines. All of these prior mechanisms of eNOS-derived reactive oxygen species formation occur pri-
marily at the heme of the oxygenase domain and are blocked by heme blockers or the NOS inhibitor N-nitro-L-
arginine methylester. Recently, we have identified another unique mechanism of redox regulation of eNOS
through S-glutathionylation that was shown to be important in cell signaling and vascular disease. Herein, we
briefly review the mechanisms of eNOS uncoupling as well as their interrelationships and the evidence for their

importance in disease. Antioxid. Redox Signal. 14, 1769-1775.

OXIDATIVE STRESS HAS BEEN SHOWN to be of critical im-
portance in the pathogenesis of a wide variety of disease
processes including heart attack, stroke, diabetes, hyperten-
sion, cancer, excitotoxic brain injury, neurodegenerative dis-
ease, and the broad spectrum of inflammatory disease (35).
Oxidative stress occurs in cells and tissues because of over-
production of superoxide (¢O, ) and its secondary oxidants
that are formed from several sources, including NADPH ox-
idase, xanthine oxidase, and the mitochondrial electron
transport chain (3, 35, 48, 56). In addition, under some con-
ditions, nitric oxide synthase (NOS) can become a source of
eO,~ (15, 31, 36, 43, 49, 50). Moreover, nitric oxide (NO)
produced from NOS can react with eO, " to generate the po-
tent oxidant, peroxynitrite (ONOO™) (2, 46, 51, 54, 55).
Endothelial NOS (eNOS) is responsible for the enzymatic
generation of NO within the endothelium. eNOS is a homo-
dimeric heme-containing enzyme that converts L-arginine
and oxygen to L-citrulline, NO, and water, using NADPH as a
source of reducing equivalents (36). This process involves the
calcium/calmodulin-regulated transfer of electrons from
NADPH through a flavin adenine dinucleotide (FAD)- and
flavin mononucleotide (FMN)-containing reductase domain
to the heme of the r-arginine-binding oxygenase domain,

which also binds tetrahydrobiopterin (BHy4) (6, 30). In the
absence of BH,, NO synthesis is abrogated, and instead, ¢O, ™~
is generated (43, 50).

NO is involved in a number of roles within the endothe-
lium, regulating vascular tone, vascular growth, platelet ag-
gregation, and modulation of inflammation (23, 29, 32). As
such, endothelial dysfunction produced by a decrease in
bioavailable NO is a characteristic feature in many disease
states, and one of the mechanisms underlying this dysfunc-
tion is the production of reactive oxygen species (ROS) in the
vasculature (2, 35, 48). A general mechanism by which ROS
elicit endothelial dysfunction is via the impairment of NO
signaling due to the ROS-dependent inactivation of eNOS (10,
34, 53). Further, studies have shown that eNOS itself can also
become a source of ROS, in a process termed eNOS un-
coupling (25, 43, 49). Under normal circumstances, the oxi-
dation of NADPH is tightly coupled to the production of NO
by eNOS. However, when the oxidation of NADPH is un-
coupled from the production of NO, eNOS generates ¢O,"
and secondary ROS.

We provide a brief review of the mechanisms underly-
ing eNOS uncoupling, with a special focus on the newly iden-
tified mechanism involving the S-glutathionylation of eNOS (8).
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eNOS Uncoupling via BH, Oxidation

BHy is crucial for proper eNOS function and is involved in
stabilizing NOS protein structure. It fosters dimer formation
and stabilizes the formed dimer. The transfer of electrons to
the heme is an interdomain transfer, from the reductase do-
main of one monomer to the oxygenase domain of the second
monomer of the eNOS dimer (30). As such, the dimer stability
provided by BH, binding facilitates eNOS coupling. BH,4
binding also shifts the spin state of the heme iron and modifies
the heme redox potential, making the transfer of electrons
from the reductase domain more efficient. The binding of
oxygen is also affected by BH,. Moreover, BH, is absolutely
required for the correct and timely activation of oxygen nec-
essary for catalytic activity. The catalytic cycle of eNOS in-
volves two mono-oxygenation steps, each requiring the
formation of a two-electron reduced iron-oxo species at the
NOS heme (36). First, an electron is transferred from the re-
ductase domain to the heme, forming the ferrous heme, which
then binds oxygen. BH, delivers one electron to the oxygen-
bound ferrous heme iron, producing the iron-oxo species
necessary for catalysis. The one-electron oxidized BH, (the
BH;® radical) is reduced by the reductase domain to regen-
erate BH,, and the catalytic cycle continues (47). In the absence
of BHy, the oxygen-bound ferrous heme dissociates, produc-
ing ¢O," and the ferric heme. Two-electron oxidized BH,,
dihydrobiopterin (BH,), can bind to NOS but does not
support NO formation; rather, when BH, is bound, eNOS
produces O, (44). Thus, when BH, is oxidized and/or ca-
tabolized, eNOS will become uncoupled and produce ¢O, "~
instead of NO.

It has been demonstrated in vivo and in vitro that eNOS is
uncoupled when BHy is limiting. The mechanism leading to
BH, depletion is generally attributed to oxidation of BH, by
ROS and/or ONOO~, the product of the reaction of NO with
¢O, . #O,  can oxidize the NOS-bound BH,, and supple-
mentation with BH, has been found to restore NOS activity
(15, 41). The in vivo source of the ROS that may lead to BH,
depletion has been attributed to pathways including NADPH
oxidase, xanthine oxidase, and the mitochondrial electron
transfer chain (27, 35, 57). ONOO™ does rapidly oxidize BHy;
however, it can also irreversibly inactivate the NOS enzymes,
likely by a direct reaction with the NOS heme, producing
an inactive enzyme rather than an uncoupled enzyme (10,
37, 38).

The oxidation of BH, can result in eNOS uncoupling by two
mechanisms, by reducing the total biopterin pool or by in-
creasing the BH,:BHy ratio (37, 38, 43, 44). A two-electron
oxidation of BH, produces the quinoid form of BH, (qBH»),
which can either rearrange to produce BH, or decompose to
form dihydropterin. Dihydropterin is subject to catabolism,
and thus, oxidation of BH, can result in a decrease in the total
biopterin pool. BH, can be recycled back to BH, by the action
of dihydrofolate reductase (DHFR), and this enzyme has been
shown to be critical in the regulation of the BH,:BH, ratio in
endothelial cells (13).

eNOS Uncoupling via L-Arginine Depletion
or Increase in Methylarginines

It has been well established that accumulation of methy-
larginines is associated with an increase in ROS production
(24, 39, 40). This has also been identified in patient popula-
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tions demonstrating endothelial dysfunction (5). Moreover,
the activities of both the enzymes responsible for formation
of methylarginines and the enzymes responsible for clearance
of methylarginines (dimethylarginine dimethylaminohy-
drolase) have been shown to be positively and negatively
regulated by changes in the redox environment, respectively
(5, 16). Accordingly, oxidative stress can lead to the accu-
mulation of methylarginines. Moreover, it has been shown
that the accumulation of methylarginines in endothelial cells
to the levels found in pathophysiologic settings can reach
the concentrations necessary to significantly inhibit eNOS
activity (7).

Methylarginines inhibit NO generation by competitive in-
hibition, competing with the substrate L-arginine for the cat-
alytic binding site. Additionally, it has been shown that the
binding of methylarginines, in addition to inhibiting NO
formation, actually stimulates the production of O, for the
NOS enzymes (14). As such, binding of methylarginines
produces an uncoupled NOS enzyme. Thus, ROS can lead to
the accumulation of methylarginines, which in turn uncou-
ples eNOS, producing positive feedback generating yet more
ROS. However, this mechanism requires some initial ROS
insult, and it is unclear whether the increase in methylargi-
nines is a cause or effect, that is, does the accumulation of
methylarginines trigger increased ROS or does the increased
ROS formation cause the increase in methylarginines.

eNOS Uncoupling via S-Glutathionylation

In our recent report, we showed for the first time that S-
glutathionylation of eNOS reversibly uncouples eNOS (8). It
is clear that NOS dysfunction occurs in diseases associated
with oxidative stress; however, supplementation with BH,
and/or L-arginine is insufficient to completely restore
NOS activity in all cases (15). Thus, we hypothesized that
another mechanism by which eNOS activity is affected must
exist. It was known that protein thiols are involved in the
regulation of NOS function; however, the mechanism by
which this regulation occurred was not fully delineated.
S-Glutathionylation is a posttranslational modification in
which a glutathione tripeptide is reversibly bound to the
protein via the formation of a disulfide bond with a protein
thiol. This protein modification is involved in cellular signaling
and it is thought to play a role in cellular adaptation to oxi-
dative stress. Under oxidative stress, S-glutathionylation oc-
curs via a number of mechanisms, including thiol-disulfide
exchange with oxidized glutathione, reaction of oxidant-
induced protein thiyl radicals with reduced glutathione, or
reaction of a nitrosothiol (on either the glutathione or the pro-
tein) with another thiol. Thus, we hypothesized that oxidative
stress could alter eNOS activity through S-glutathionylation (8).

This S-glutathionylation—directed uncoupling is unique
among the eNOS uncoupling mechanisms in that the resul-
tant O, generation is from the reductase domain. Two cys-
teine residues (Cys689 and Cys908) that are highly conserved
within the NOS family of proteins are S-glutathionylated, both
in vitro and in vivo. These two cysteines are critical for normal
eNOS function, and when these residues are modified, the
enzyme produces eO,  and this ROS production is not in-
hibited by N-nitro-L-arginine methylester (L-NAME) or by re-
moval of calcium. We showed that eNOS S-glutathionylation in
endothelial cells uncouples eNOS and this uncoupling is asso-
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ciated with impaired endothelium-dependent vasodilation.
Additionally, vessels treated with 1,3-bis(2-chloroethyl)-1-
nitrosourea (BCNU), which increases the intracellular con-
centration of oxidized glutathione, exhibited both eNOS
S-glutathionylation and endothelial dysfunction. Moreover, in
vessels from spontaneously hypertensive rats, which have
impaired endothelium-dependent vasodilation, eNOS S-
glutathionylation is increased, and this observed eNOS S-
glutathionylation and the endothelial dysfunction of these
vessels are reversed by addition of thiol-specific reducing
agents. Thus, S-glutathionylation modulates endothelial func-
tion and vasodilation (8). Induction of eNOS uncoupling by
S-glutathionylation switches eNOS from NO production to
¢0O, " generation, with concomitant loss of endothelial-mediated
vasodilation contributing to vascular constriction, which can
lead to hypertensive cardiovascular disease (Fig. 1).

Mechanisms of S-Glutathionylation

Several mechanisms can lead to protein S-glutathionylation.
Cysteines can be attacked by ROS to form thiyl radicals that
in turn react with glutathione (GSH). Alternatively, protein
thiols can be glutathionylated by oxidized glutathione (GSSG)
through disulfide exchange (4, 17-19). Human eNOS (heNOS)
contains 29 cysteines, 27 of which are conserved in all known
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FIG. 1. Summary of physiological action of eNOS
S-glutathionylation. eNOS present in endothelial cells, indi-
cated by the green coloration, generates NO in the vascula-
ture, which is known to induce vasodilation. When eNOS is
S-gutathionylated, indicated by the yellow-colored portion of
the endothelium (provided from immunohistology), the en-
zyme switches to produce superoxide (depicted as white bi-
lobed spheres) instead of NO (blue/white bilobed spheres),
which leads to vasoconstriction. eNOS, endothelial nitric oxide
synthase. (To see this illustration in color the reader is referred to
the web version of this article at www liebertonline.com/ars).
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mammals, and prior reports indicate (20-22) that NOS re-
quires reducing agents, such as dithiothreitol, cysteine, or
GSH, to promote NO production and maintain enzyme stability.
We observed in vitro in the presence of GSSG that heNOS S-
glutathionylation occurs. Thus, it is clear that eNOS possesses
redox-sensitive thiols that are readily S-glutathionylated with
profound modulation of the function of this critical enzyme.
Protein thiols are of vital importance in redox signaling and
regulation (4, 17-19). They maintain correct folding and tertiary
protein structure and serve as redox sensors. At normal physio-
logical pH, protein thiols are in the reduced state and are difficult
to oxidize because of their protonation. However, the local elec-
trostatic environments of some protein thiols can cause a shift to
lower pK,, rendering these sites more susceptible to oxidation (4).

Although the X-ray crystal structure for the reductase do-
main of eNOS is not available, we predicted the three-
dimensional structure of the heNOS reductase domain based
on the reductase domain of rat neuronal NOS (1F20) using the
Swiss Model First Approach Mode. This modeling showed
that Cys689 and Cys908 are located on the domain surface
surrounded by several positively charged residues. Cys689 is
surrounded by Arg898, Lys904, and Argl174. Cys908 is lo-
cated in a pocket that contains His972, Arg1174, and the ad-
enine ring of FAD (Fig. 2). Because of this positively charged
environment, both Cys689 and Cys908 would likely be in the
deprotonated states because of a lowered thiol pK, via elec-
trostatic interactions, and as such these cysteine residues are
predicted to be susceptible to oxidation by GSSG. However,
other potential mechanisms, including the formation of pro-
tein thiyl radicals or protein nitrosothiols, followed by reac-
tion with GSH can also occur. Indeed, the loss of eNOS
activity in endothelial cells exposed to NO has been postu-
lated to be due to thiol S-nitrosylation, which in turn reacts
with vicinal or free thiols (including GSH) forming in-
tramolecular or intermolecular disulfide bonds (42).

Glutathione is a tripeptide, consisting of glycine, cysteine,
and glutamic acid, present in cells at 1-10 mM concentrations
(9). S-Glutathionylation results in formation of a mixed dis-
ulfide bond between the reactive Cys-thiol and GSH. The
additional bulky negatively charged GS group would alter the
protein structure and function by both steric and electrostatic
interactions. Our molecular modeling predicted that both
Cys689 and Cys908 are located along the interface of the FAD-
and FMN-binding domains, as such their modification would
be predicted to alter FAD-FMN coupling, potentially by in-
creasing their solvent accessibility (Fig. 2) (8). By exposing
these flavins to the solvent environment, oxygen would be
able to access and accept an electron from the reduced flavin,
leading to O, formation, and by default decrease the elec-
tron transfer to heme, leading to eNOS uncoupling.

Potential Cellular Function of eNOS
S-Glutathionylation

In response to oxidative stress, the formation of mixed
disulfide bonds, such as S-glutathionylation, can functionally
activate or inactivate enzymatic activity to combat or enhance
dysfunction. For example, S-glutathionylation of creatine ki-
nase inactivates the conversion of ADP to ATP, and this
process can be reversed by GSH or DTT (33). In contrast, other
enzymes, such as matrix metalloproteinase, can be activated by
S-glutathionylation (28). It has been well documented that NOS
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FIG. 2. Molecular model of the human NOS reductase
domain showing sites of S-glutathionylation. The three-
dimensional structure of human NOS reductase was obtained
by use of the Swiss-Model First Approach Mode. PyMOL was
used to view and construct the three-dimensional structure.
Cys689 and Cys908 are both located on the surface of reductase
domain and surrounded by several positively charged residues,
including Lys, Arg, and His. Cys689 is surrounded by Arg898,
Lys904, and Arg1174. Cys908 is located in a pocket that contains
His972, Argl174, and the adenine ring of FAD. Because of this
positively charged environment, both Cys689 and 908 are
thought to be in deprotonated states with lower pK, and sus-
ceptible to oxidation by oxidized glutathione. Green and red
regions represent residues at the interface of FMN and FAD
domains, respectively. Cys689 is located at the FMN domain
interface and Cys908 is near the FAD domain interface. (To see
this illustration in color the reader is referred to the web version
of this article at www. liebertonline.com/ars).

requires thiol-specific reducing agents for proper function, in-
dicating that the enzyme contains cysteine residues that are
critical for its function. Although S-glutathionylation induces a
loss of NO synthesis with enzyme uncoupling, we observe that
this process is reversible. As such, during oxidative stress,
eNOS S-glutathionylation could function to prevent irrevers-
ible oxidative damage of the thiols critical for eNOS function,
and with restoration of cellular reducing state, S-glutathiony-
lation would be reversed, restoring proper eNOS function.

As described above, S-glutathionylation of eNOS uncouples
the enzyme, leading to enhanced production of ¢O, ", which is
a redox signaling molecule known to trigger cell proliferation,
apoptosis, and senescence (9, 12). Therefore, S-glutathionyla-
tion of eNOS could play a role in switching the enzyme from
the generation of one signaling molecule (NO) to the genera-
tion of a very different signaling molecule (¢O, ™). Thus, this
protein modification provides a molecular redox-regulated
switch for the control of cellular signaling. Indeed, we observed
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that with a shift of cellular redox state, induced by inhibition of
glutathione reductase, eNOS S-glutathionylation occurs in en-
dothelial cells with marked decrease in NO production and
enhanced ¢O,~ generation (8).

NO produced from NOS can react with eO,~ to generate
the potent oxidant, ONOO ™ (46, 51, 54, 55), and the abnormal
cellular production of ONOO™ has been linked with many
diseases. As such, the decrease in NO production from S-
glutathionylated heNOS may provide a regulatory mecha-
nism to prevent irreversible oxidation in cells, caused by
overproduction of ONOO ™. Therefore, S-glutathionylation of
eNOS has a pivotal role in switching the enzyme from NO to
e, between generation, and this may control cellular redox
signaling under oxidative stress.

Redox Regulation by Thioredoxin and Glutaredoxin

The identification of the S-glutathionylation—directed regu-
lation of eNOS function opens a new avenue of potential en-
zymatic regulation of NO production. The sulfhydryl group of
cysteine not only is important in maintaining protein structure,
but also plays an important role as an antioxidant by reversible
formation of disulfide or mixed disulfide bonds when it reacts
with ROS. In cells, there are two major antioxidant systems,
namely Thioredoxin (Trx) and Glutaredoxin (Grx), for main-
taining the reduced state of protein thiols and cellular reducing
environment after oxidative stress. The Trx system, consisting
of Trx, NADPH, and Trx reductase, is a NADPH-dependent
disulfide reductase that catalyzes disulfide reduction. The Grx
system, consisting of Grx, GSH, glutathione reductase, and
NADPH, is a GSH-dependent oxidoreductase that catalyzes the
reduction of disulfides or mixed disulfides.

Numerous studies have shown that Trx exerts a protective
effect against oxidative stress-induced damage in a number of
tissues (45). Infusion of human Trx in an isolated rat heart
subjected to ischemia/reperfusion protected the heart against
reperfusion-induced arrhythmias (1). Overexpression of Trx in
lung endothelial cells has been shown to prevent NO-induced
reduction of NOS activity (52). For the Grx system, the results
from mouse models with Grx1 knockout, as well as over-
expression of Grx1 and Grx2, suggested that Grx exerts a car-
dioprotective effect through protein deglutathionylation after
oxidative stress (11, 26). Therefore, the deglutathionylation of
eNOS by Grx could provide a potential mechanism of enzyme-
directed redox regulation of eNOS function, which could more
specifically modulate cardiovascular function and disease.

Uniqueness of S-Glutathionylation-Induced
Superoxide Generation

Classically, eNOS-derived O, generation is inhibited by
the NOS inhibitor N-nitro-L-arginine and its methylester L-
NAME. When the nitro-substituted arginine analog occupies
the L-arginine binding site, the reduction of the heme iron by the
reductase domain is inhibited, and as such the ferric heme does
not bind oxygen and is thus incapable of promoting the pro-
duction of O, . Conversely, although methylarginines inhibit
NO generation from NOS (via competition with the substrate L-
arginine), they enhance the reduction of the heme iron and as
such enhance the generation of the NOS heme-derived O, (7,
14). Thus, classically, NOS-derived O,  has been defined
as detection of ¢O,” in cells and tissues that is sensitive to
L-NAME inhibition but not to methylarginine inhibition.
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We have shown that S-glutathionylation of critical thiols
uncouples heNOS, and the resultant ¢O,” generation of
S-glutathionylated eNOS is not suppressed by L-NAME or
EGTA. As such, this eNOS uncoupling mechanism is different
from that induced by lack of substrate L-arginine, increase
in cellular methylarginines, or alteration in NOS-bound BH,.
These previously described forms of uncoupling occur pri-
marily at the oxygenase site and are regulated by Ca** /cal-
modulin or blocked by inhibitors at the heme, whereas the
0, generation induced by thiol modification is largely Ca%t/
calmodulin and heme independent. Thus, it is impossible to
definitively distinguish between ¢O,~ from S-glutathiolated
eNOS and other O, ™ sources using the aforementioned com-
bination of L-arginine analog insensitivity /sensitivity. This vas-
cular O, generation would be inhibited by flavin-based
inhibitors such as diphenyleneiodonium in a manner similar to
that observed for vascular NADPH oxidase and might only be
distinguished by its sensitivity to thiol-reducing agents.

Conclusion

In conclusion, the oxidant stress that occurs in many diseases
including heart attack, stroke, diabetes, and cancer can trigger a
newly discovered molecular switch, S-glutathionylation, which
alters the function of the critical cell-signaling enzyme eNOS. S-
Glutathionylation uncouples eNOS, switching it from NO to
e, generation in a reversible fashion. Two highly conserved
cysteinyl residues at the interface between the FMIN- and FAD-
binding domains are S-glutathionylated and this leads to a novel
mechanism of uncoupling resulting from the leak of electrons to
molecular oxygen with O, generation at the reductase do-
main. This posttranslational modification can function as a
regulatory mechanism for the prevention of the irreversible ox-
idation of cellular components by limiting the formation of
ONOO". It serves as a molecular switch to flip eNOS from
forming the potent anti-inflammatory vasodilator NO to the
pro-inflammatory vasoconstrictor €O, and provides a unique
redox mechanism by which eNOS can be regulated.

Thus, S-glutathionylation of eNOS plays an important
role in modulation of cellular signaling and vascular func-
tion. In view of the importance of NO and eNOS-mediated
endothelial dysfunction in disease, identification of this
novel redox-signaling pathway provides new insights re-
garding therapeutic approaches. Indeed, these observations
indicate the potential for a new class of therapeutics that
reset this S-glutathionylation—dependent redox switch, re-
storing normal NO synthase function, and such compounds
could hold great promise in the prevention, improved
treatment, or cure of many of the most prevalent human
diseases including heart attack, stroke, atherosclerosis, dia-
betes, and cancer.
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