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Abstract

The regulation of endothelial NO synthase (eNOS) employs multiple different cellular control
mechanisms impinging on level and activity of the enzyme. This review aims at summarizing the
current knowledge on the posttranslational modifications of eNOS, including acylation,
nitrosylation, phosphorylation, acetylation, glycosylation and glutathionylation. Sites, mediators
and impact on enzyme localization and activity of the single modifications will be discussed.
Moreover, interdependence, cooperativity and competition between the different posttranslational
modifications will be elaborated with special emphasis on the susceptibility of eNOS to metabolic
cues.
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1. INTRODUCTION

In line with the crucial homeostatic function of endothelial NO synthase (eNOS) and
bioavailable nitric oxide (NO) for the vasculature, eNOS enzyme activity is subject of a
delicate and interconnected system of various control mechanisms. This network impinges
on hubs influencing the eNOS system on sites as diverse as the level and stability of eNOS
mMRNA and interaction of the eNOS protein with distinct binding partners. Like this, a wide
spectrum of kinetics and amplitudes in the modulation of eNOS enzyme activity can be
achieved. This article will focus on known posttranslational modifications which can rapidly
and intimately regulate and fine-tune the subcellular localization and/or activity of the eNOS
enzyme. So far acylation, nitrosylation, phosphorylation, acetylation, glycosylation, and
glutathionylation of eNOS have been reported and found to enable a dynamic control of
eNOS activity and NO bioavailability in response to a variety of physiologic and
pathophysiologic cues.
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In the following chapters, a snapshot on these posttranslational modifications, concentrating
on site of modification, respective impact on eNOS enzyme activity and potential
susceptibility to exogenous modulation, will be presented with all sites numbered according
to the complete 1203 amino acid human sequence (protein accession number P29474.3).

2. ACYLATION

ENOS is a membrane protein mainly found in plasma membrane caveolae or on the Golgi
apparatus. As all dually acylated proteins including Src kinase family members or some G-
protein alpha subunits, eNOS is co-translationally N-myristoylated on cytoplasmic
ribosomes by N-myristoyltransferases (NMT) and post-translationally palmitoylated by
palmitoyl-acyl-transferases (PAT) on cysteine residues. The de- or attachment of these lipid
anchors to the eNOS protein determines its subcellular localization. The cellular situation of
eNQOS, in turn, is crucial for optimized signal integration from upstream signalling pathways,
for interaction with binding partners or for communication with downstream effectors and
thus an important parameter for the actual enzymatic activity. In line, acylation-defective
mutants of eNOS cannot be properly targeted and display impaired basal and agonist-
stimulated NO release [1,2].

In 1996, Shaul et al. revealed that eNOS is targeted to plas-malemmal caveolae, i.e.
plasmamembrane invaginations defined by the presence of the scaffolding protein caveolin
[3]. Those authors showed by biochemical subfractionation that eNOS activity was 7-fold
greater in the plasma membrane fraction than in the cytosol. Within the plasma membrane,
eNOS activity was undetectable in the noncaveolar fraction, whereas it was 9.4-fold
enriched in caveolar membranes compared with whole plasma membrane. More precisely,
57-100% of the total eNOS activity in the plasma membrane was recovered in the caveolar
fraction, indicating that plasmalemmal NOS is primarily localized to caveolae. Caveolae are
relatively rich in cholesterol and sphingolipids which lend these membrane compartments a
distinct fluidity and create a unique environment for an efficient control of protein-protein
interactions and signal transduction. In resting endothelial cells, eNOS strongly and directly
interacts with caveolin-1 in the caveolae, a protein-protein interaction which tonically
inhibits eNOS activity by masking the calmodulin binding site. Interestingly, Feron et al.
showed that interaction of eNOS with caveolin is favoured by but not necessarily dependent
on acylation [4]. Upon stimulus-induced increases in intracellular calcium levels caveolin-1
is displaced by calcium-calmodulin (CaM) and this results in elevated enzymatic activity
(for a detailed overview over modulation of eNOS activity by protein-protein interaction
please refer to an accompanying article in this issue).

General membrane localization of eNOS is dependent on irreversible co-translational
myristoylation of the amino group at glycine 2 (after removal of the N-terminal methionine
1) [3,5,6]. The myristoyl group anchors eNOS to membranes via hydrophobic interactions
with membrane lipids. From a thermodynamic point of view, however, the free energy of
membrane binding for myristoylated proteins is rather low rendering those interactions
readily reversible and unstable [7]. Palmitoylation of eNOS therefore is thought to provide
additional hydrophobic interactions that stabilize the weak membrane association brought
about by myristoylation alone. Posttranslational thiopalmitoylation at cysteine 15 and
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cysteine 26 is mediated by palmitoyltransferases at the Golgi apparatus and fixates eNOS at
specific biological membranes [6,8,9,10]. The enzymes confering palmitoylation to eNOS
have been elusive for a long time. In 2006 Fernandez-Hernando et al. screened 23 known
Asp-His-His-Cys-motif palmitoyl-acyl-transferases DHHC-PATS and identified five cDNAs
of DHHC-PAT that were able to palmitoylate eNOS in vivo [11]. Those authors found that
these five palmitoyltransferases, namely DHHC-2, -3, -7, -8, and -21, are expressed in
endothelial cells, and colocalize with the Golgi matrix protein GM-130, indicating that
palmitoylation occurs on the cytoplasmic face of the Golgi complex. The DHHC-PATSs
further colocalized and associated with eNOS mainly on the Golgi apparatus. The
interaction eNOS /DHHC and thus palmitoylation were further favoured by N-
myristoylation. Particularly, DHHC-21 reduction in endothelial cells resulted in decreased
eNOS palmitoylation, mislocalization of eNOS and impairment of agonist-stimulated NO
release. Thiopalmitoyl bonds are labile and the calveolar targeting of eNOS therefore
remains a reversible process allowing a high degree of dynamic control [12]. There is indeed
a constant cellular shuttling of the enzyme, mainly between plasma membrane and Golgi,
which is also reflected by a constant turnover of palmitate residues attached to the eNOS
protein [8]. Upon prolonged agonist activation, eNOS is depalmitoylated and translocated
from the plasma membrane to interior cell compartments or the cytosol [12,13]. Palmitoyl-
protein thioesterase (PPT) and acyl-protein thioesterase 1 (APT-1) have been implicated in
eNOS depalmitoylation [12,14]. There is evidence that calmodulin may promote cytosolic
translocation of eNOS by favouring APT 1-mediated depalmitoylation of eNOS [13].
Translocation to the cytosol may thus serve as a mean to terminate eNOS activity after
prolonged agonist stimulation. Repalmitoylation at the Golgi then closes the acylation cycle
and restores the basal-caveolin bound state of eNOS at the plasma membrane. Independent
of stimulation, a continous basal (de-)-acylation cycle is moreover enabling constant access
to the sorting machinery of the Golgi from where eNOS can be shuttled according to cellular
requirements [15].

Overall, acylation of eNOS primarily mediates caveolar localization of eNOS and
compartimentilization of NO production. Several signaling molecules which play an
important role in regulation of eNOS enzyme activity, such as G-protein coupled receptors,
modulators of calcium flux or AKT kinase, are also compartimentalized in caveolae or
recruited to calveolae or nearby membrane regions upon activation. Therefore caveolar
localization of eNOS appears handy for regulation of the enzyme by hormonal cues, such as
estrogen or insulin. Accordingly, caveolar localization influences the site-specific
phosphorylation pattern of eNOS (see below). Agonist-stimulated phosphorylation at Ser
1177, which increases enzyme activity, was nearly abrogated in eNOS mutants deficient in
myristoylation but could fully be restored by membrane targeting of these mutants. A
reciprocal regulation is observed for Ser 114 with membrane localization impairing, and
cytosolic localization favoring phosphorylation at this site [7,16]. Moreover, as caveolae
interact with the cytoskeleton (through actin and microtubules) they are prone to
deformation upon reorganization of the cytoskeleton due to stretching or compression of the
endothelial cell. Thereby caveolar membrane channels and carriers may be opened, a
mechanism important for susceptibility of eNOS function to physical stimuli such as shear
stress [17-20]. Figure 1 schematically illustrates the acylation sites of eNOS.

Curr Pharm Des. Author manuscript; available in PMC 2015 April 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Heiss and Dirsch Page 4

Seen from a strictly chemical point of view, acetylation is another form of acylating
posttranslational modification. Due to its distinguished impact on eNOS activity it will,
however, be dealt with in a separate chapter (see 5.).

3. S-NITROSYLATION

Reversible S-nitrosylation of cysteine residues, i.e. the formal replacement of the hydrogen
atom in the thiol group of cysteine residues by a NO moiety, is another dynamic
posttranslational modification of eNOS [21,22]. S-nitrosylation is closely linked to the
subcellular localization of eNOS. It requires membrane targeting evident by the fact that
acylation deficient eNOS mutants do not undergo nitrosylation [21]. It seems that the lipid
environment of caveolae supports the formation of S-nitrosothiols whereas the reducing
cytosolic environment favours denitrosylation [21-23]. S-Nitrosylation inhibits eNOS
enzyme activity and upon agonist stimulation eNOS is rapidly denitrosylated with kinetics
mirroring the observed increase in eNOS enzyme activity. Receptor-mediated decrease in
nitrosylation was hereby found to be inversely related to enzyme phosphorylation at Ser
1177, a site associated with eNOS activation (see below under point 4) [21]. Following
prolonged agonist exposure, eNOS undergoes depalmitoylation (see above under point 1)
and translocation to the cytoplasmic compartment where the de-nitroso form of eNOS is
further favoured. As eNOS returns to resting activity levels it is progressively renitrosylated
and reshutteled to caveolae [22,24].

Cys 94 and Cys 99 are intensively investigated and discussed S-nitrosylation sites of eNOS
and form the zinc tetrathiolate cluster at the eNOS homodimer interface which is responsible
for dimer formation of the active enzyme [21,25]. As eNOS itself seems to provide the NO
required for its own S-nitrosylation, this implies a mechanism securing some degree of
spatial selectivity given the overall 29 cysteine residues in the eNOS enzyme [22]. However,
Tummala et al. employed a modified biotin switch assay coupled to mass spectrometric
analysis of tryptic peptides and identified next to Cys 94 and Cys 99 further cysteine
residues capable of undergoing Snitrosylation [26]. These included cysteine residue 661,
802 and 1114 and are located in regions known to bind flavin mononucleotide (FMN), flavin
adenine dinucleotide (FAD) and nicotinamide adenine dinucleotide (NADPH), but their
regulatory role remains speculative. Additional cysteines susceptible to Snitrosy-lation are
Cys 853, 976/991, and 1048/1050, respectively, which reside in regions of the eNOS
enzyme that have not been assigned any biochemical function or significance in eNOS
regulation. Thus, S-nitrosylation may occur at multiple sites other than Cys 94 and 99,
however, with so far undisclosed effect on eNOS activity [26]. Concerning the cause
underlying eNOS inhibition by nitrosylation of Cys 94 and 99 there is discord in the
published literature whether S-nitrosylation promotes dimer collapse [25-27] or rather
disturbs electron transfer between eNOS monomers or substrate / cofactor binding [21,22].
Taking into account that S-nitrosylation involves the zinc cluster cysteine that is involved in
dimerization of eNOS and that zinc could be shown to be released upon eNOS S
nitrosylation, Ravi et al. suggested a mechanism that is based on destruction of the zinc
cluster. Subsequently deduced dissociation of the eNOS homodimer could then account for
the observed decline in activity [25]. Erwin et al. mutated the zinc-tetrathiolate cysteines and
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observed elimination of eNOS S-nitrosylation but not NO synthase activity which questions
if disruption of the zinc-tetrathiolate necessarily has to result in eNOS monomerization [21].

Further work is still needed to mechanistically delineate how S-nitrosylation impacts eNOS
activity. Particular emphasis may be put on i) the role of cellular redox state as thioredoxin
and thioredoxin reductase have been found to counteract nitrosylation of eNOS [25], ii) the
mechanism of denitrosylation or cytosolic trans-nitrosylation and not to forget iii) a detailed
analysis of the mutual cross-talk and interdependence between eNOS nitrosylation,
acylation, and phosphorylation reactions. Figure 2 gives a snapshot over the currently
identified Snitrosylation sites of eNOS.

4. PHOSPHORYLATION

Phosphorylation is a major and so far presumably the best studied posttranslational
modification influencing eNOS enzyme activity. Changes in the phosphorylation state allow
rapid integrative responses to different mechanical, humoral, metabolic, or pharmacological
stimuli. The pleiotropy of cues known to merge into altered eNOS enzyme activity is
reflected by multiple identified kinases and phosphatases involved in the site-selective
regulation of eNOS phosphorylation. Up to now, eight phosphorylation sites have been
linked to changes in eNOS activity. In the following, these phosphorylation sites, separated
according to serine/threonine or tyrosine phosphorylations, shall be discussed in their
numerical order.

Serine/ Threonine Phosphorylation

Phosphorylation at Serine 114 in the oxygenase domain of eNOS, is reduced by calphostin,
a protein kinase C (PKC) inhibitor, indicating PKC as upstream kinase [28]. Also AMP-
activated kinase (AMPK) was considered as possible upstream kinase [29]. Recent studies
additionally show involvement of cyclin-dependent kinase 5 (CDK5) in Ser 114
phosphorylation with a concomitantly decreased NO production [30,31]. Phosphorylation at
Ser 114 is commonly assumed to inhibit eNOS enzyme activity although not all data support
this notion. Dephosphorylation at this site has been observed after stimulation with agonists,
such as vascular endothelial growth factor (VEGF) [28] or the antidiabetic drug troglitazone
[32]. The dephosphorylation mutant (S114A) displayed increased enzyme activity [28].
However, in [33] the authors found increased activity with the phosphomimetic SI 14D
mutant of eNOS. Moreover, shear stress and high density lipoprotein (HDL) have led to an
increased Ser 114 phosphorylation proposing rather an activating phosphorylation site [24,
34]. These discrepancies need to be solved by further studies and possibly suggest that
phosphorylation at this site may have different functions in the context of distinct stimuli.
Calcineurin seems to be involved in the dephosphorylation of eNOS at Ser 114 [28,35].

Threonine 495, located in the Ca++/CaM binding domain, represents the major negative
regulatory site of eNOS, which is constitutively phosphorylated in most cultured endothelial
cells. Kinases involved in phosphorylation of this site are PKC, although with no certainty
about the involved isoform, Rho kinase [34,36,37] or, based on in vitro results, AMPK [38].
Phosphorylation at Thr 495 attenuates eNOS activity by interfering with CaM binding due to
repulsive steric or charge effects. In response to certain agonists — mainly those increasing
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intracellular calcium — Thr 495 is dephosphorylated by the protein phosphatases PP1, PP2A
or PP2B [39-41]. Moreover, there is evidence for coordination between dephosphorylation
of eNOS at Thr 495 and activating phosphorylation of eNOS at Ser 1177 [39-43]. However,
dephosphorylation of Thr 495 without concomitant increased Ser 1177 phosphorylation has
also been reported [44]. Another implication for eNOS Thr 495 phosphorylation came from
Lin et al. who found that mimicking Thr 495 dephosphorylation by mutation of the site to
alanin resulted in eNOS uncoupling, i.e. increased production of superoxide rather than of
NO [42]. These findings suggest that phosphorylation at Thr 495 may tune the product mix
of NO and superoxide output.

Phosphorylation at Serine 615, also located in the CaM autoinhibitory sequence within the
FMN binding domain, is catalyzed by AKT and PKA [45]. The role of Ser 615
phosphorylation is still not entirely clear [34]. Whereas a phosphomimetic S615D mutant of
eNOS increased maximal enzyme activity [33] and several eNOS agonists transiently
increase phosphorylation at this site [33, 45-47], the S625A dephosphorylation mimic
mutant also increased basal and agonist stimulated NO release and enhanced the association
of eNOS with the kinase AKT and heat shock protein 90 (Hsp90) [33]. Ser 615 furthermore
corresponds to Ser 852 of neuronal NOS [45] which, when phosphorylated by CaMKK
alpha, inhibits enzyme activity. Given these partly inconsistent findings, one could speculate
that the phosphorylated Ser 615 rather modulates interactions between eNOS and other
proteins and hereby influences phosphorylation of eNOS at other sites with direct impact on
eNOS activity [33]. In this line, Ser 615 phosphorylation has been claimed to sensitize
eNOS for CaM binding by displacement of the autoinhibitory loop [45].

Serine 633 is a positive regulatory site. It is located in the CaM autoinhibitory sequence of
eNOS within the FMN binding domain and appears to be under control of PKA [34,48],
AMPK [49] and extracellular signal regulated kinase (ERK) 1/2 [50]. Ser 633 and Ser 1177
(see below) share some of their activating stimuli, such as VEGF [33,51], shear stress [51],
or 8-bromo cyclic AMP (cAMP) [51], but phosphorylation at Ser 633 occurs generally
slower than that of Ser 1177 and is believed to contribute to the maintenance of NO
synthesis following the NO burst occurring after activation at Ser 1177. Phosphorylation of
Ser 633 may thus play an important role in chronic regulation of eNOS in response to
mechanical and humoral stimuli [51]. Moreover, phosphorylation at Ser 633 renders NO
production by eNOS independent from changes in intracellular calcium [48]. Phosphatases
acting on Ser 633 have not been identified.

Phosphorylation at Serine 1177 confers the most important positive modulation of eNOS
activity. Phosphorylation of Ser 1177 is catalyzed by a number of distinct kinases including
AKT, PKA [33,38,52], AMPK [38], calcium-calmodulin kinase kinase (CaMKK) Il beta
[39,53] and checkpoint kinase (CHK)I [54], This stresses Ser 1177 phosphorylation as
highly integrative and central posttranslational modification since the different individual
kinases themselves can in turn be regulated by very diverse stimuli. To name a few; AKT
can be activated by shear stress [55], growth factors including VEGF and insulin [57], or
reactive oxygen species [58]. AMPK activity can be elevated by increased intracellular
calcium levels or a relative increase in AMP. The latter can be caused by nutrient starvation,
inhibition of the mitochondrial respiratory chain, such as after treatment with the
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antidiabetic drugs troglitazone [59], metformin [60] or multiple plant-derived compounds
[61], or impaired ATP synthase activity. AMPK activation is also observed upon exposure
to adiponectin [62] or salicylate [63]. Overall, most stimuli promoting eNOS activation
finally lead to increased eNOS phosphorylation at Ser 1177. Ser 1177 phosphorylation
enhances eNOS enzyme activity by increasing the electron flux at the reductase domain. The
carboxyterminal tail of eNOS, containing Ser 1177, is believed to be wedged between two
eNOS monomers and thus act as an autoinhibitory domain by blocking the electron transfer
between them [64]. Upon phosphorylation of eNOS at Ser 1177 and a subsequent
conformational change the wedge is removed, and eNOS activity is thereby increased.
eNOS Serll77 phosphorylation further contributes to elevated eNOS enzyme activity by
reducing CaM dissociation from activated eNOS [34,65] and allowing activation of eNOS at
resting levels of calcium [45,66]. Dephosphorylation at Ser 1177 is predominantly mediated
by the phosphatase PP2A [40].

Tyrosine Phosphorylation

Phosphorylation of eNOS at tyrosines is less investigated although indications for it have
been existing for more than 15 years [67,68]. It is still unresolved whether tyrosine
phosphorylation is involved in modulating enzyme activity or rather in providing binding
sites for proteins with a Src homology 2 (SH2) or a phospho tyrosine binding (PTB) domain.
Two tyrosines have been investigated in more detail: phosphorylation at Tyr 81 was
reported to be mediated by Src kinase in response to H,O, and to enhance basal eNOS
activity [69]. Tyr 657 has been found to be phosphorylated upon insulin or angiotensin
stimulation and fluid shear stress by proline rich tyrosine kinase 2 (PYK2). Mutation
analyses revealed that Tyr 657 phosphorylation attenuates eNOS enzyme activity,
presumably in order to limit the detrimental consequences of maintained high NO output in
situations of redox stress [70,71].

Figure 3 summarizes the known phosphorylation sites of eNOS with positive, ambiguous or
negative impact on eNOS enzyme activity.

5. ACETYLATION

Acetylation of proteins at the epsilon amino group of lysines constitutes another important
posttranslational modification with considerable impact on protein functionality. By
inferring an acetyl group to a lysine, there is an increase in the amide dipol and electrostatic
field compared with the primary amino group of the lysine precursor which influences cell
signalling [72]. Lysine acetyltrans-ferases (KATS) usually catalyse the transfer of acetyl
groups from acetyl-CoA to epsilon amino groups of lysine. KATs depend on the availability
of acetyl-CoA, a common key metabolite within the catabolism of sugars, fatty acids and
proteins, which renders acetylation a protein modification highly indicative of and
susceptible to the current availability of nutrients [73]. Deacetylation is executed by
deacetylases, mainly of the family of NAD+-dependent SIRT histone deacetylases (HDAC).
Having in mind that the ratio of NAD+/ NADH increases with nutrient deprivation, it
becomes once more underlined that acetylation is favoured under conditions of high nutrient
availability and counteracted under starving, calorie-restricted conditions [74].
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eNOS has been reported to be constitutively acetylated at Lys 497 and Lys 507 in its
calmodulin (CaM) binding domain. Acetylation may have similar effects as a phosphate
group on Thr 495 impeding CaM binding and thereby inhibiting eNOS activity. eNOS is
deacetylated by SIRT1, a class 111 NAD+-dependent histone deacetylase (HDAC). SIRT1
colocalizes with eNOS, increases eNOS activity and promotes endothelium-dependent
vasodilation [75]. In concert with their respective impact on eNOS activity, oxidants,
cigarette smoke [76] or increasing age [77] decrease, whereas laminar flow [78], caloric
restriction, the phosphodiesterase 3 inhibitor cilostazol [79] or resveratrol [76] increase
SIRT1 levels or activity. Of note, deaeetylation of eNOS by SIRT1 succeeds AMPK-
mediated phosphorylation at Ser 633 and Ser 1177. Since AMP-activated kinase is a fine
sensor for the cellular AMP/ATP ratio and is activated by a low energy state of the cell, this
suggests a close cooperativity between the two metabolic master hubs in the cell in
regulation of eNOS activity [78]. A similar cooperativity between AMPK and SIRT1 has
also been observed for the transcriptional modulator peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1 a) [80].

Aspirin, acetyl-salicylic acid, was found to lead to acetylation of eNOS and increased eNOS
activity [81,82]. Jung et al. identified Lys 610 as the targeted lysine under chronic
administration of low dose aspirin for vasoprotection [81]. This acetylation is counteracted
by HDAC3 which abrogates aspirin-stimulated lysine acetylation of eNOS, eNOS enzyme
activity and thus eNOS-derived NO. Unlike the acetylated lysines discussed above, acetyl-
K610 seems to promote the binding of calmodulin to eNOS [81]. Figure 4 depicts the so far
identified acetylation sites of the eNOS protein.

6. O-GLYCOSYLATION

Another nutrient sensitive posttranslational modification is O-glycosylation of proteins.

Intracellular proteins are hereby modified by attachment of N-acetylglucosamine (GIcCNAc)
to serine or threonine residues (O-glycosylation) [83]. This form of posttranslational
modification is to be discerned from the complex N-or O-linked glycosylation pattern
usually conferred to transmembrane or secretory proteins at ER or the Golgi. Activated
GIcNAG, i.e. uridin diphosphate (UDP)-N-acetylglucosamine (UDP-GIcNAC), is formed
through the hexosa-mine biosynthetic pathway and serves subsequently as substrate in the
glycosylation reaction. The hexosamine pathway is a branch of glucose metabolism (3-5%
of glucose carbon is presented to this pathway) that is sensitive to the availability of glucose,
glutamine, and UTP [84]. Accordingly, UDP-GIcNAc pools are reduced when glucose
uptake is limited [85].

O-GIcNAcylation, as found on eNOS, is a post-translational modification influencing
stability, activity or subcellular localization of target proteins. In many ways, O-
GlIcNAcylation resembles phosphorylation since the sugar can be attached or removed upon
changes in the cellular environment such as stress, hormones or nutrients [86]. O-
GIcNAcylation is brought about by a highly conserved enzyme, which is uridine diphospho-
N-acetylglucosamin: polypeptide B-N-acetylglucosaminyltransferase or shortly O-linked N-
acetylglucosamine (O-GIcNAC) transferase (OGT). In cells, the OGT catalytic subunit
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dynamically forms many specific holoenzyme protein complexes that regulate its specific
activity toward its myriad of target protein substrates. By contrast, phosphorylation involves
many individual kinases, each with their own unique activity. Similarly, whereas there are
several protein phosphatases that remove phosphorylation, there is only a single cytosolic or
nuclear B-N-acetylglucosaminidase (O-GlcNAcase, OGA) that is also targeted to substrates
by forming many transient holoenzyme complexes to remove sugar moieties [86].
Therefore, O-GIcNAcylations can hardly organize in hierarchic signalling cascades as
observed for phosphorylation reactions. GIcCNAcylations should rather be considered as a
“rheostat” that controls the intensity of the signals travelling through different pathways
according to the nutritional status of the cell [87]. Since O-GIcNAc is attached to serine/
threonine residues, the sugar can act in direct competition with phosphorylation at these
sites. Moreover, O-GIcNAcylation or phosphorylation residues can be in close proximity to
each other and sterically impair the attachment of the other modification [86].

In light of the above, it is not surprising that hyperglycemia and insulin resistance-induced
excess fatty acid oxidation increases endothelial concentrations of GICNAc by diverting the
flux of fructoses-phosphate from glycolysis to the hexosamine pathway [88, 89]. This, in
turn, has been shown to lead to attachment of GICNAc to Ser 1117 of eNOS, thereby
reducing Ser 1177 phosphorylation and eNOS activity [90-92]. Likewise, Du et al. observed
that hyperglycemia and treatment with glucosamine abolished 67% of eNOS activity in
bovine aortic endothelial cells. Hyperglycemia-associated inhibition of eNOS was
accompanied by a twofold increase in O-linked GIcNAc modification in eNOS and a
reciprocal decrease in phosphorylation at serine residue 1177. Both the inhibition of eNOS
and the changes in its post-translational modifications were reversed by antisense inhibition
of glutamine:fructose-6-phosphate amidotransferase, the rate-limiting enzyme of the
hexosamine pathway. Similar changes in eNOS activity and covalent modification were
found in aortae from diabetic animals [90]. Hence, chronic impairment of eNOS activity by
this mechanism may partly provide the explanation for the micro-and macrovascular
complications often observed in diabetic patients [87,93].

7. GLUTATHIONYLATION

Only recently, Chen et al. showed that eNOS is subject to reversible S-glutathionylation
within its reductase domain at Cys 689 and 908 [94]. Protein-S-glutathionylation occurs
through reversible formation of a mixed disulphide bond between a protein cysteine thiol
and glutathione, the most abundant low molecular mass thiol in cells. S-glutathionylation of
protein thiols can occur under redox stress through thiol-disulphide exchange with oxidized
glutathione (GSSG). This mechanism is thought to mainly come into play when the cellular
GSSG/GSH ratio is high [95-97]. Alternatively, superoxide, either from endogenous
reactions, such as by uncoupled eNOS, or an exogenous source, can lead to eNOS protein
thiyl radical formation, a formal one-electron oxidation. The thiyl radical, in turn, reacts
with a vicinal SH- group of glutathione, and forms the mixed disulphide bond [98].

Glutathionylated eNOS is uncoupled, producing increased levels of superoxide and reduced
levels of NO. Accordingly, eNOS S-glutathionylation in endothelial cells is associated with
impaired endothelium-dependent vasodilation. Moreover, it was reported that in
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hypertensive vessels eNOS S-glutathionylation is increased. This is accompanied by an
impaired endothelium-dependent vasodilation and can be restored by thiol-specific reducing
agents, able to reverse this S-glutathionylation [94]. Limited availability of the pivotal
cofactor tetrahydrobiopterin, depletion of L-arginine, or accumulation of assymmetric
dimethylarginines have so far been blamed for eNOS uncoupling under redox stress [99].
All these mechanisms occur primarily at the heme of the oxygenase domain and are blocked
by heme blockers or the NOS inhibitor N-nitro-L-arginine methylester. Thus, S
glutathionylation of eNOS in the reductase domain constitutes an alternative novel redox
sensitive switch regulating cellular signalling, endothelial function and vascular tone.

In this line, it may be speculated that reduced S-glutathionylation partly accounts for the
beneficial impact of antioxidants to endothelial function. Activated transcription factor
nuclear factor E2 related factor 2 (Nrf2) which is involved in expression of antioxidant
defense genes including glutathione synthase and glutathione peroxidase and/or other
antioxidant mediators has been shown to prevent eNOS uncoupling [100-102]. Of note,
telmisartan, an angiotensin receptor | blocker, was reported to normalize eNOS
glutahionylation induced by chronic administration of nitroglycerine [103].

8. SUMMARY AND OUTLOOK

Posttranslational modifications of eNOS allow a fast integration of many cues to adapt
eNOS enzyme activity in a reversible and fine-tuned manner to physiological needs. There
is evident cross-talk between the individual modifications. This can occur in a collaborative
way as in the case of acylation and nitrosylation which determine and depend on membrane
localization of eNOS, respectively. Different cellular localization spots of eNOS are
moreover reflected in eNOS phosphorylation at different sites which also suggests an
interrelationship between eNOS acylation and phosphorylation in the dynamics of eNOS
regulation [7]. A mutually exclusive pattern of posttranslational modification is observed for
Ser 1177. This residue is either phosphorylated with an activating impact on eNOS enzyme
activity or it is GIcNAcylated resulting in enzyme inhibition. Notably, both modifications
follow a reciprocal metabolic control. Under nutrient starvation, Ser 1177 phosphorylation is
favoured by activated AMPK whereas in situations of glucose excess (and concomitant
insulin resistance) O-GIcNAcylation preferably occurs due to increased flux of sugars
through the hexosamine pathway and a hampered signal relay between insulin and the AKT/
eNOS 1177 axis. Of note, transiently elevated blood glucose levels usually lead to increased
insulin signalling, which in turn triggers activating phosphorylation of eNOS Ser 1177 via
the IRS/ PI3K/ AKT axis. Thus, it seems that an intact insulin signalling may act as
safeguard mechanism for eNOS function under high glucose conditions by still tilting the
balance towards phosphorylation instead of GIcNAcylation. The tilt towards GIcNAcylation
obviously only occurs when insulin resistance sets on. Interestingly, insulin resistance is
favoured by elevated levels of GIcNAc closing the vicious cycle of GIcNAc, insulin
resistance and eNOS dysfunction [104,105]. Notably, the two glucose-responsive, but
reciprocally active hormones, glucagon and insulin, consistently lead to activation of eNOS
by increased Ser 1177 phosphorylation via activation of PKA and AKT, respectively.
Apparently, on the organismal level activation of eNOS and, thus elevated NO levels, are
desirable both under high and low glucose conditions. One may speculate that the resulting
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vasodilation facilitates blood flow to the periphery where glucose is disposed in order to a)
provide a fuel for energy production or replenishment of cellular stores and b) to reduce
glucose levels in the blood and prevent formation of advanced glycation end products
(AGE) or related glucotoxic events. These findings underline the susceptibility of eNOS
activity to metabolic cues (summarized in Fig. 5) which may again not be a one-way street:
NO, the product of NOS, reversibly inhibits oxidative phosphorylation by competing with
oxygen for cytochrome C oxidase. This can lead to a less efficient OXPHOS-mediated ATP
production and a potential compensatory shift to ATP production from glycolysis (Warburg
effect) [106,107]. Although compartimentalization of NO production must here be kept in
mind, eNOS certainly is a central player in the communication between cellular signalling
and metabolism, and corroborates the increasingly appreciated “holistic” concept that
metabolism is not a stable bystander, but is actively involved in the coordination of signal
transduction in mammalian cells.

Overall, the network of posttranslational modifications of eNOS is a fascinating and by far
not exhausted field of research. It still leaves many mechanistic questions to answer, still
hosts unravelled mutual cross talks which need to be understood and then could possibly be
tackled by exogenous stimuli and — with help of sophisticated mass spectrometric methods —
may lead to the discovery of so far unknown modifications of the eNOS protein.
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Caveolin

Fig. (1). Acylation sites of eNOS
NMT: N-myristoyltransferases; PAT: palmitoyl-acyl-transferases; APT-1: acyl-protein
thioesterase 1; PPT: palmitoyl-protein thioesterase
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Fig. (2).
Overview over reported S-nitroyslation sites of eNOS with known and so far unrevealed
effect on eNOS enzyme activity.
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Fig. (3). Overview of known phosphorylation sites of eNOS with positive, ambiguous or negative
impact on eNOS activity
AKT: protein kinase B/ Akt kinase; AMPK: AMP-activated kinase; CDK5: cyclin-

dependent kinase 5; CHK1: checkpoint kinase 1; ERK: extracellular stimuli regulated
kinase; PKA: protein kinase A, PKC: protein kinase C; PKG: protein kinase G; PYK:
proline-rich tyrosine kinase; Src: Src kinase;
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Fig. (4). Overview over the known acetylation sites of eNOS enzyme
KAT: Lysine acetyltransferase; SIRT1: NAD-dependent deacetylase sirtuin-1; HDAC3:

histone deacetylase 3
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Fig. (5). Susceptibility of eNOS enzyme activity to the metabolic state and corresponding
posttranglational modifications

AMPK: AMP-activated protein kinase; SIRT1: NAD-dependent deacetylase sirtuin-1; KAT:
Lysine acetyltransferase; OGT: O-linked N-acetylglucosamine (O-GIcNAC) transferase
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