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Abstract

Nitric oxide (NO) is a messenger molecule that is highly diffusible and short-lived. Despite these
two characteristics, seemingly unsuitable for intracellular reactions, NO modulates a variety of
cellular processes via the mechanism of S-nitrosylation. An important factor that determines the
specificity of S-nitrosylation as a signaling mechanism is the compartmentalization of nitric oxide
synthase (NOS) with its target proteins. Endothelial NOS (eNOS) is unique among the NOS
family members by being localized mainly near specific intracellular membrane domains
including the cytoplasmic face of the Golgi apparatus and plasma membrane caveolae. Nitric
oxide produced by eNOS localized on the Golgi apparatus can react with thiol groups on nearby
Golgi proteins via a redox mechanism resulting in S-nitrosylation of these proteins. This
modification influences their function as regulators of cellular processes such as protein trafficking
(e.g., exocytosis and endocytosis), redox state, and cell cycle. Thus, eNOS-derived NO regulates a
wide range of endothelial cell functions, such as inflammation, apoptosis, permeability, migration
and cell growth.
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1. Introduction

Nitric oxide (NO) produced by endothelial NO synthase (eNOS) mediates various cellular
processes important for endothelial cell functions and regulates vascular response[1]. In
addition to conventional NO signaling via the activation of soluble guanylyl cyclase (sGC)
to produce cGMP as a second messenger[2], protein modification by NO via S-nitrosylation
has also received considerable attention[3]. S-nitrosylation is the coupling of an NO moiety
to a reactive thiol side chain of cysteine to form an S-nitroso-thiol and is considered an
important mechanism for dynamic, post-translational regulation of many classes of proteins.
A growing body of evidence suggests that eNOS-derived NO can S-nitrosylate specific
proteins, influence cellular processes in endothelial cells, and modulate a variety of
endothelial cell functions[4], such as inflammation[5-7], apoptosis[8], permeability[9],
migration[10], and cell growth[11]. This article focuses on protein S-nitrosylation by eNOS-
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derived NO and discusses cellular processes regulated by S-nitrosylated proteins and the
subsequent effects of these cellular processes on endothelial cell functions.

2. Unique cellular localization of eNOS

Endothelial NOS is unique among the NOS family members by being localized mainly near
specific intracellular membrane domains including the cytoplasmic face of the Golgi
apparatus and plasma membrane caveolae[12]. The functional significance of this unique
localization of eNOS in endothelial cells remains largely unknown. However studies by
Fulton and colleagues[13-15] demonstrated that these two pools of eNOS are differentially
regulated. Endothelial NOS localized at the plasma membrane is activated more efficiently
by calcium-dependent and Akt-dependent agonists, while eNOS on the Golgi apparatus is
less responsive to both agonists[14, 15]. As a consequence, the amount of NO produced by
eNOS differs at these two locations. eNOS localized on the plasma membrane releases a
greater amount of NO than eNOS on the Golgi apparatus.

3. Nitric oxide is confined to the region where eNOS is localized

In comparison to the actions of NO-regulating metal-centered processes (activation of sGC
and inhibition of cytochrome oxidase) or its interaction with other radicals, the primary
biological reactions involving S-nitrosylation of a thiol by NO are thought to require higher
concentrations of NO to sustain them in spite of its diffusible nature [16, 17] (Figure 1). The
presence of a localized NO pool has been reported in human endothelial cells[16]. It was
shown that the presence of vascular endothelial growth factor (VEGF) which leads to the
phosphorylation and activation of eNOS was concurrent with a localized, concentrated NO
pool in the perinuclear region of the cell. In this study[16], the localized NO pool was
visualized by detecting diaminofluorescein-2 (DAF-2) nitrosation products in endothelial
cells.

To demonstrate the association of localized sites of active NOS with the presence of a
concentrated NO pool, we generated red fluorescent protein (RFP)-tagged eNOS constructs
and monitored the simultaneous presence of both red (for eNOS localization) and green
(DAF-2, for areas of NO generated) fluorescence in transfected COS-7 cells using confocal
microscopy[4]. Upon stimulation of the cells with ATP, the highest amount of DAF-2
fluorescence was detected in a perinuclear region overlapping with or adjacent to RFP-
tagged eNOS WT, similar to that observed in human endothelial cells[16]. To further
confirm that eNOS-derived NO acts locally, we performed identical experiments in cells
transfected with an RFP-tagged eNOS-NLS mutant which localizes in the nucleus. As
expected, the presence of concentrated NO (imaged by DAF-2) also co-localized in the
nucleus. Thus, these data using RFP-tagged eNOS constructs clearly suggest that NO is
preferentially channeled to sites in proximity to those showing eNOS activity.

Additionally, we visualized cellular NO distribution generated by NO donors such as S-
nitroso- glutathione (GSNO) and S-nitroso-N-acetylpenicillamine (SNAP) [4]. The dye-
loaded COS-7 cells showed an increase in fluorescent intensity immediately after adding the
NO donor. The fluorescent signal was diffusely distributed throughout the cells, suggesting
that DAF is not concentrated on specific organelles in COS-7 cells. Collectively, these
observations suggest that eNOS and NO donors provide different spatial NO concentration.
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4. Protein S-nitrosylation is restricted to regions of the cell where eNOS is

localized

We also demonstrated that S-nitrosylated proteins are formed preferentially at the primary
site of eNOS localization[4]. Using an S-nitrosocysteine-specific antibody, we performed
immunofluorescent analysis for protein S-nitrosylation in COS-7 cells transfected with RFP-
tagged eNOS WT or RFP-tagged eNOS-NLS. If an NO pool is formed at the primary site of
eNOS localization in the cells, then it is probable that S-nitrosylation of proteins may also be
localized as suggested by other researchers [17, 18]. We found S-nitrosylated proteins
concentrated at the primary site of eNOS localization, that is, the Golgi apparatus. In
contrast, cells treated with the NO donor, SNAP, showed a markedly different pattern of S-
nitrosylated protein immunoreactivity. Thus, the location of eNOS may determine the
specificity of S-nitrosylation at that site by creating a high NO concentration. This would
favor S-nitrosylation of specific proteins in endothelial cells because of their proximity to
the eNOS site and, by corollary, to the site of high NO concentration. This would explain the
different cellular responses induced by NO donors not at an eNOS site, i.e. not at a site of
active endogenous NO synthesis[3]. This may reflect the concept that all sources of NO are
not bioequivalent.

5. Endothelial NOS localization influences cellular processes

Localization of eNOS on the Golgi apparatus can enhance S-nitrosylation of Golgi proteins
and may influence their functions[4, 19]. One such example is protein trafficking. We
demonstrated that eNOS which is localized on the Golgi apparatus reduces the speed of
protein transport from the endoplasmic reticulum (ER) to the plasma membrane[4]. We
showed this using the transport of a temperature-sensitive vesicular stomatitis virus
glycoprotein (VSVG) tagged with green fluorescent protein (GFP) (labeled as VSVG-GFP),
as an indicator of protein transport from the ER to the cell surface. Cells were microinjected
with VSVG-GFP plus a control plasmid, RFP-tagged eNOS WT or RFP-tagged eNOS-NLS.
We then monitored movement of VSVG-GFP from the ER to the Golgi apparatus, and then
to the cell surface in the presence of the control plasmid, RFP-tagged eNOS WT, or RFP-
tagged eNOS-NLS. In the cells injected with RFP-tagged eNOS WT (mostly localized on
the Golgi apparatus), there was a marked delay in targeting VSVG-GFP to the cell surface,
whereas the cells injected with RFP-tagged eNOS-NLS (localized in the nucleus) exhibited
similar rates of transport to those cells injected with the control plasmid. To further
determine if the reduced rate of transport observed in the cells with RFP-tagged eNOS WT
is dependent on NO, we treated those cells with a NOS inhibitor (L-NAME) to abrogate NO
release and then monitored VSVG transport. The cells treated with the NOS inhibitor
restored the rate of VSVG-GFP transport to that observed in the control or RFP-tagged
eNOS-NLS-expressing cells, demonstrating the control of basal protein transport by NO,
perhaps in this case via the S-nitrosylation of proteins important for protein traffic signaling,
such as N-ethylmaleimide sensitive fusion (NSF) protein.

6. Cellular processes in endothelial cells regulated by protein S-
nitrosylation

Protein trafficking is one example of the cellular processes that are influenced by NO via S-
nitrosylation of specific proteins. Focusing on eNOS and endothelial cells, this section
discusses recent findings that protein S-nitrosylation influences various cellular processes in
endothelial cells.
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6-1. Protein trafficking

NO regulation of vesicle/protein trafficking is an example of a molecular control mechanism
that explains many endothelial cell functions and cardiovascular effects, and may be of
broad physiological significance.

Exocytosis—NO inhibits the exocytosis of Weibel-Palade bodies, endothelial storage
granules[6]. Weibel-Palade bodies contain von Willebrand factor (VWF), P-selectin, tissue
plasminogen activator and CD63, and are rapidly released from endothelial cells, mediating
vascular thrombosis and inflammation[20, 21]. NO decreases granule trafficking from the
Golgi apparatus to the plasma membrane by targeting a key component of the exocytic
machinery, n-ethylmaleimide sensitive fusion (NSF) protein, which facilitates disassembly
of soluble NSF attachment protein receptor (SNARE) complexes[22, 23] (Figure 2). NO
inhibits this process by S-nitrosylating critical cysteine residues of NSF[6]. Golgi
localization of eNOS facilitates S-nitrosylation of NSF and decreases granule trafficking
from the Golgi apparatus to the plasma membrane[4, 24]. Therefore, eNOS localization on
the Golgi apparatus is an important factor that regulates protein trafficking and may
influencing a wide range of physiological processes, vascular inflammation and thrombosis.

Endocytosis—While having the inhibitory effect on exocytosis mentioned above, NO also
accelerates endocytosis by S-nitrosylating dynamin, a GTPase [5, 7] (Figure 3). There are
three types of endocytosis: phagocytosis, macropinocytosis and receptor-mediated
uptake[25]. S-nitrosylation of dynamin increases receptor-mediated endocytosis[5, 7], which
involves surface receptors that interact and make a cluster with soluble ligands at clathrin-
coated pits[25]. After a coated vesicle is formed at the cell surface, dynamin is assembled
into a cluster forming a collar around the neck of the nascent vesicle and facilitates scission
of the vesicle from the membrane[26]. S-nitrosylation of dynamin increases its ability to
oligomerize with a subsequent increased rate of GTP hydrolysis. This oligomeric assembly
of dynamin around a nascent vesicle drives the mechanism of cleavage of the vesicle from
the plasma membrane. Interestingly, an interaction between dynamin and eNOS localizes
NO production to the site of endocytosis[27]. Again, this suggests that an NO pool
generated around eNOS facilitates S-nitrosylation of dynamin, leading to accelerated
endocytosis.

Another example of NO-mediated receptor endocytosis is the regulation of B-adrenergic
receptor (B-AR) internalization[28]. B-AR is a prototypic G-protein coupled receptor
(GPCR) and plays an important role in cardiovascular[29] and pulmonary functions[30]. NO
regulates B-AR internalization and desensitization via S-nitrosylation of three key players in
these processes: p-arrestin2, GPCR kinase 2 (GRK2), and dynamin[28]. First, B-arrestin2
serves as a scaffold that functionally co-localizes B-AR and eNOS [31]. Upon ligand
stimulation on B-AR, B-AR associates with p-arrestin2 and eNOS and also activates eNOS,
which facilitates S-nitrosylation of B-arrestin2. This S-nitrosylation promotes dissociation of
B-arrestin2 from eNOS and an association of B-arrestin2 with clathrin heavy chain/B-adaptin.
These processes ultimately accelerate B-AR internalization through the clathrin-based
endocytotic pathway. Once internalized, B-AR is either degraded or recycled. B-arrestin2 is
subsequently de-nitrosylated and then forms a complex with eNOS. Second, S-nitrosylation
of GRK2 decreases B-AR phosphorylation and subsequent recruitment of B-arrestin2 to the
receptor, thereby decreasing B-AR internalization and desensitization[28]. Third, S-
nitrosylation of dynamin facilitates clathrin-dependent endocytosis of membrane receptors,
including B-AR, thereby leading to downregulation of B-AR signaling. Thus, NO can
prevent the loss of B-AR signaling via S-nitrosylation of GRK2, while facilitating the loss of
B-AR signaling via S-nitrosylation of p-arrestin2 and dynamin.

Nitric Oxide. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

6-2. Redox regulation

Endothelial NADPH oxidase is a major source of the superoxide radical (O,™) in blood
vessels and is implicated in the oxidative stress related to vascular diseases including
atherosclerosis[32]. One study demonstrated that NO inhibits NADPH activity via S-
nitrosylation, decreasing the generation of O,™ in human microvascular endothelial cells,
independent from peroxynitrite formation[33]. Thus, NO can act as an antioxidant agent
through an inhibition of NADPH oxidase activity via S-nitrosylation in endothelial cells.

Thioredoxin 1 (TRX1) is an antioxidant enzyme that regulates the redox state in endothelial
cells[34, 35]. S-nitrosylation of TRX1 at its Cys-69 residue is necessary for the redox
regulatory activity of TRX1 and facilitates scavenging reactive oxygen species (ROSs)[35].
Statins have beneficial pleiotropic activities, not limited to their cholesterol-lowering
activity, such as a vasoprotective effect by activating eNOS[34]. In addition, statins are
found to promote S-nitrosylation of TRX1 subsequently stimulating TRX1 activity. As a
consequence, statins reduce ROS production and thus protect endothelial cell integrity.

6-3. Anti-apoptosis

Endothelial cell-based angiogenesis are governed by a counterbalance of opposing
endothelial cell survival signals and apoptosis signals. Nitric oxide signals are known to
mediate cell survival and resistance to apoptosis, a key component of endothelial cell-based
angiogenesis. Endothelial NOS can inhibit apoptosis of endothelial cells by S-nitrosylating
several key players of apoptosis including dynamin-2[7], caspase-3[36], and
thioredoxin[36].

Tumor necrosis factor-alpha (TNF-a) constitutes a prominent apoptotic stimulus for
endothelial cells in pathological conditions[37]. S-nitrosylation of dynamin-2 stimulates its
activity and enhances endocytosis in endothelial cells[7]. This biological consequence of
dynamin-2 S-nitrosylation prevents TNFa-induced apoptosis in endothelial cells. In some
pathological conditions, endothelial cell-based angiogenesis requires activation of survival
signals against external apoptotic stimuli such as TNFa (Figure 3). Endothelial NOS S-
nitrosylates dynamin-2, which then facilitates TNFa receptor internalization by enhancing
endocytosis of the TNFa receptor. As a consequence, TNFo-induced apoptotic signals in
endothelial cells are inhibited during angiogenesis in pathological conditions[7].

S-nitrosylation of an active cysteine residue on caspase-3 inhibits caspase activity [38-40] in
endothelial cells[36]. Caspase-3 is known as a pro-apoptotic protease enzyme. Thus, eNOS-
derived NO inhibits caspase-3 activity and subsequently inhibits apoptosis in endothelial
cells.

S-nitrosylation of thioredoxin 1 (TRX1) protects endothelial cells from apoptosis[35]. Since
S-nitrosylated TRX1 reduces ROS levels in endothelial cells and ROS are known to induce
apoptosis[41], reduced ROS levels may contribute to the anti-apoptotic effect resulting from
S-nitrosylation of TRX1.

Besides control of ROS levels in endothelial cells, TRX1 and TRX reductase 1(TRX1-
TRXR1), collectively known as the TRX system, play a critical role in the regulation of S-
nitrosylated protein levels by de-nitrosylating target proteins[42, 43]. One such protein is
caspase-3[42]. When cells are depleted of TRX1-TRXR1 by underexpression using siRNAS,
levels of S-nitrosylated-caspase-3 are significantly increased, while overexpression results in
decreased S-nitrosylated caspase-3 levels. Currently, it has not been directly demonstrated
whether the TRX system also controls S-nitrosylated caspase-3 levels in endothelial cells.
However, since S-nitrosylation of caspase-3 plays a role in the promotion of endothelial cell
integrity by inhibiting caspase-3 activity and decreasing apoptosis in endothelial cells, it is
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possible that the TRX system decreases endothelial cell apoptosis, not only by decreasing
ROS levels in endothelial cells, but also by directly denitrosylating and decreasing caspase-3
activity.

6-4. Cell permeability

Increased permeability in endothelial cells is an initial event that induces VEGF-mediated
angiogenesis. Junction proteins, such as VE-cadherin and p-catenin, control VEGF-induced
permeability in endothelial cells[44, 45]. It is known that eNOS-derived NO is essential for
VEGF-induced vascular permeability since eNOS—/— mice show markedly reduced VEGF-
induced vascular permeability[46]. The mechanism by which eNOS and thus NO increase
this permeability is related to S-nitrosylation of the Cys-619 residue on B-catenin[46]. S-
nitrosylation of B-catenin facilitates its dissociation from the VE-Cadherin/B-catenin
junction complex, leading to an increase in endothelial cell permeability. VEGF is unable to
promote S-nitrosylation of B-catenin in the absence of eNOS and is thus unable to increase
permeability in endothelial cells from eNOS—/— mice.

6-5. Cell migration

Stromal cell-derived factor-1o (SDF-1a) is one of the pivotal chemokines that facilitate
angiogenesis by enhancing endothelial cell migration [47, 48]. SDF-1a facilitates
endothelial cell migration by inducing a signaling cascade that involves eNOS activation,
JNK, and MAPK phosphatase 7 (MKP7) [10]. SDF-1a activates eNOS via phosphorylation
and thus increases NO production in endothelial cells. Further, SDF-1a activates JINK3, a
critical activator of endothelial cell migration. The activation of eNOS and subsequent
increase in NO production are required for INK3 activation (i.e., phosphorylation of INK3).
However, phosphorylated and activated JNK3 can be inactivated by MAPK phosphatase 7
(MKP7) and it is here that eNOS plays an important role. Endothelial NOS S-nitrosylates
MKP7 thus lowering its activity and thereby sustaining the phosphorylation and activation
of INKS3. In brief, SDF-1a activates eNOS via phosphorylation. Subsequently eNOS-derived
NO inactivates MKP7 via S-nitrosylation, promoting JNK3 activation and ultimately
endothelial cell migration.

6-6. Cell cycle

Nitric oxide promotes cell cycle progression via S-nitrosylation of p21Ras and activation of
the p21Ras-ERK1/2 MAP signaling pathway in endothelial cells[11]. A small G protein,
p21Ras, is a guanine nucleotide-binding protein that cycles between the inactive GDP-
bound and active GTP-bound states to regulate a diverse array of cellular processes,
including cell growth, apoptosis and differentiation[49, 50]. Nitric oxide has been shown to
promote guanine nucleotide exchanges on p21Ras and increase cellular Ras-GTP levels (the
active form)[51-54]. In this process, NO S-nitrosylates p21Ras at Cys-118 and increases the
active GTP-bound form of p21Ras[55]. Furthermore, S-nitrosylation of p21Ras triggers its
downstream ERK1/2 MAP signaling pathway[51]. Oliveira and colleagues[11]
demonstrated that endothelial cells stably expressing a p21Ras mutant at this S-nitrosylation
site (C118S) inhibits the ERK1/2 MAP signaling pathway. Moreover, treatment with the NO
donor, SNAP, enhances levels of Cyclin D1, Cdk4, Cdké and increases phosphorylation of
RB protein, all of which are known to promote progression of the cell cycle. Collectively,
these observations suggest that NO promotes endothelial cell cycle progression by p21Ras
S-nitrosylation, which in turn facilitates the ERK1/2 MAP signaling pathway, and enhances
expression/activation of factors that are associated with cell cycle progression.
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6-7. Energy production

Nitric oxide decreases energy production by S-nitrosylating cytochrome C-oxidase
(Complex 1V) in the mitochondria of endothelial cells. Complex IV is a terminal enzyme of
the mitochondrial electron transport chain and is an essential enzyme for regulating energy
production. It has been shown that Complex IV is inactivated by S-nitrosylation at either of
two cysteine residues at its active site[56]. Prolonged exposure of porcine pulmonary artery
endothelial cells to 1 mM NOC-18 (a slow releasing NO donor, equivalent to 1- 5 uM NO)
results in a gradual, persistent inhibition of Complex IV, which is concomitant with a
reduction in the ratio of mitochondrial GSH to GSSG. Further, an overexpression of TRX1
in the mitochondria attenuates NO-induced loss of Complex 1V activity in pulmonary artery
endothelial cells. These findings provide a mechanism for NO toxicity in lung endothelial
cells resulting from excessive levels of NO seen in inflammation, polluted air and tobacco
smoke. Persistent inhibition of cytochrome-c oxidase by S-nitrosylation and the subsequent
reduction in energy production contributes to enhanced oxidant production and programmed
cell death or apoptosis of lung cells.

6-8. Nitric oxide production

Endothelial NOS itself is regulated by S-nitrosylation[57-59]. S-nitrosylation decreases
eNOS activity. Endothelial NOS is active only as a homodimer[60]. Exogenous NO
facilitates S-nitrosylation of eNOS, disrupts its dimer formation and decreases its
activity[61]. Thus, TRX1 enhances eNOS activity by inhibiting its S-nitrosylation which
prevents its monomerization. Endothelial NOS is S-nitrosylated at a basal level[57].
However, upon agonist stimulation, such as VEGF, eNOS is de-nitrosylated and
phosphorylation at Ser-1179, a site associated with eNOS activation, is increased. Thus, S-
nitrosylation and de-nitrosylation of eNOS regulate its activity and subsequent NO
production in endothelial cells.

Endothelial NOS is indeed regulated by complex post-translational modifications and
protein-protein interactions[1]. Heat shock protein 90 (Hsp90) interacts with eNOS, leading
to eNOS activation[62]. This interaction between eNOS and Hsp90 is also regulated by S-
nitrosylation at a cysteine residue (Cys-597) in the region of the C-terminal domain that
interacts with eNOS[63]. S-nitrosylation of Hsp90 inhibits both its ATPase activity and its
positive effects on eNOS activity, which may serve as a negative feedback mechanism of
eNOS activation.

The enzyme dimethylarginine dimethylaminohydrolase (DDAH1) hydrolyses
asymmetrically methylated arginine residues which are endogenously produced inhibitors of
eNOS. Thus, DDAHL positively regulates eNOS activity. Under certain conditions when
NO generation is increased, DDAHL1 is S-nitrosylated. S-nitrosylation of DDAH1
diminishes DDAH1 activity, which then increases an accumulation of asymmetric
dimethylarginine and inhibits eNOS activity. This process has been proposed as a
mechanism for the expression of iINOS, which causes a transient increase in NO levels, often
leading to inhibition of the activity of constitutively expressed NOS isozymes, including
eNOS[64].

6-9. Anti-thrombosis and cardio-protective effects

Tissue plasminogen activator (tPA) is a serine protease found on endothelial cells[65].
Tissue PA mediates the breakdown of blood clots by catalyzing the conversion of
plasminogen to plasmin, the major enzyme responsible for clot breakdown. This beneficial
effect of tPA is facilitated by S-nitrosylation of tPA. S-nitrosylation of tPA enhances the
vasodilatory, anti-platelet and fibrinolytic properties of the endothelium[66]. Furthermore,
S-nitrosylated tPA inhibits the adherence of neutrophils to the vascular endothelium and
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decreases P-selectin localization in the ischemic region[67]. Thus, NO by S-nitrosylation of
tPA contributes to the maintenance of vascular health.

7. Endogenous stimuli that facilitate S-nitrosylation of proteins in
endothelial cells

Given that eNOS-derived NO is an important source of S-nitrosylation of proteins in
endothelial cells, any stimuli that enhance eNOS activity are expected to promote S-
nitrosylation of proteins in endothelial cells. Those stimuli include VEGF[9], estrogen[68,
69], TNFa[36], oxidized LDL[36], hypoxia[70] and shear stress[71, 72].

Cellular levels of S-nitrosylated proteins are also regulated by the enzyme S-nitroso-
glutathione reductase (GSNOR) which degrades S-nitroso-glutathione (GSNO) and lowers
levels of S-nitrosylated proteins[73, 74]. It has been shown that genetic deletion of GSNOR
(GSNOR—/-) increases levels of S-nitrosylated proteins, including SNO-Hb[74],
GRK2[28], B-arrestin2[31] and HIF-1[75], all important molecules for maintenance of the
cardiovascular system. This suggests a role for S-nitrosylated proteins in cardiovascular
health.

8. Endothelial NOS-derived NO and S-nitrosylation in other cell types

Endothelial NOS-derived NO regulates T-cell receptor-dependent ERK activation by
activating the p21Ras/ERK signaling pathway upon stimulation by antigen in antigen-
presenting cells[19]. This process is mediated by S-nitrosylation of the N-form of p21Ras at
Cys-118, a known S-nitrosylation site of this protein[55]. The S-nitrosylation is specific for
the N- but not K-form of p21Ras. Furthermore, N-p21Ras is S-nitrosylated on the Golgi
apparatus by WT eNQOS, not by the G2A mutant of eNOS which localizes in the cytosol.
This suggests that compartmentalization of eNOS with N-p21Ras on the surface of the Golgi
apparatus is necessary for this process. Furthermore, N-p21Ras S-nitrosylation increases T-
cell-dependent apoptosis, suggesting that it contributes to activation-induced T-cell death.

9. Summary and future direction

The interaction between eNOS and proteins that are to be targets for S-nitrosylation is a key
determinant of the specificity of NO signaling[3] (Figure 4). Endothelial NOS-derived NO
inhibits or stimulates activities of target proteins by S-nitrosylation. This goes on to
influence a variety of cellular processes in endothelial cells and other cells such as T-cells.
Localization of eNOS on the Golgi apparatus can enhance S-nitrosylation of Golgi proteins
overall and may influence their function. Since the Golgi apparatus is constantly being
remodeled during the cell cycle and is a site of several important post-translational
modifications, local regulation of protein function via their S-nitrosylation may be the
unique property of eNOS localization on the Golgi apparatus and is an important area to
explore.
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Protein

Protein

Figure 1. The target protein is supposed to be surrounded by eNOS, or have an environment
enriched with NO to promote S-nitrosylation
Nitric oxide pools are formed in the region where eNOS is localized and create favorable

environments for target proteins to be S-nitrosylated.
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Figure 2. Nitric oxide prevents exocytosis of granules via S-nitrosylation of N-ethylmaleimide
sensitive fusion protein (NSF)

NO decreases granule trafficking from the Golgi apparatus to the plasma membrane by
targeting a key component of the exocytic machinery, NSF, which facilitates disassembly of
soluble NSF attachment protein receptor (SNARE) complexes[22, 23]. NO inhibits this
process by S-nitrosylating NSF[6]. Weibel-Palade bodies are endothelial storage granules
that contain von Willebrand factor, P-selectin, tissue plasminogen activator, and CD63 and
are rapidly released from endothelial cells, mediating vascular thrombosis and
inflammation[20, 21]. Thus, S-nitrosylation of NSF inhibits thrombosis, limiting vascular
inflammation in endothelial cells. The diagram was adapted from Matsushita et al.[6] and a
review paper by Lowenstein[76].
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Figure 3. Nitric oxide enhances endocytosis of vesicles via S-nitrosylation of dynamin

In endothelial cells, eNOS interacts with dynamin[27] through the production of NO which
S-nitrosylates dynamin, enhancing its GTPase activity. This in turn facilitates receptor
mediated endocytosis[5, 7]. After a coated vesicle is formed at the cell surface, dynamin
assembles into multimers, forming a collar around the neck of the nascent vesicle, and
facilitates scission of the vesicle from the membrane[26]. The diagram was adapted from
Kang-Decker et al.[7], Wang et al.[5] and a review paper by Lowenstein[76].
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Figure 4. A key determinant of the specificity of NO signaling is the location of the interaction
between eNOS and proteins targeted for S-nitrosylation
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