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targeted eNOS are due to the increased amount of NO produced rather than effects 

related to the local synthesis of NO. 

Anti-inflammatory effects of NO are thought to involve inhibition of the pro

inflammatory transcription factor, NF-KB. NO represses the nuclear translocation ofNF

KB via the S-nitrosylation of its subunits which decreases the expression of target genes 

including adhesion molecules. We next investigated the significance of subcellular 

targeting of eNOS to NF-KB signaling induced by proinflammatory cytokines in human 

aortic endothelial cells (HAECs). We found that in HAECs stimulated with TNFu, L

NAME did not influence the expression of ICAM-1 or VCAM-1. In eNOS "knockdown" 

HAECs, reconstituted with either PM- or Golgi- restricted forms of eNOS, there was no 

significant effect of endogenously produced NO on the activation of the NF-KB pathway 

in response to different concentrations and exposure times of TNFu. Similarly, the 

endogenous production of NO did not influence the phosphorylation of IkBu and S

nitrosylation of IKKP or p65. In contrast, higher concentrations of NO, derived from the 

use of the exogenous NO donor, DETA NONOate, effectively suppressed the expression 

of ICAM-1NCAM-1 in response to TNFu and induced more S-nitrosylation of IKKP 

and p65. These results suggest that neither endogenous eNOS nor eNOS location is an 

important regulatory influence on inflammatory signaling in HAECs via the NF-KB 

pathway and that higher NO concentrations are required to suppress NF-KB. 

A third focus of non-cGMP NO signaling was the NADPH oxidases (Nox), a family of 

transmembrane oxidoreductases that produce superoxide and other reactive oxygen 



species (ROS). There are 5 family members (Noxl-5) with Nox5 the last of the 

conventional Nox isoforms to be identified. Nox5 is a calcium-dependent enzyme that 

does not depend on accessory subunits for activation. Recently, Nox5 was shown to be 

expressed in endothelial cells in human blood vessels and therefore we investigated 

whether endogenous levels of NO can influence Nox5 activity and if so to identify the 

mechanisms involved. We found that endogenous NO was a potent inhibitor of basal and 

stimulated Nox5 activity and inhibition was reversible with chronic, but not acute 

exposure to L-NAME. Nox5 activity was reduced by NO donors, iNOS, eNOS and in 

endothelial cells and cytokine-stimulated smooth muscle cells in a manner proportional to 

the NO concentration. ROS production was diminished by NO in an isolated enzyme 

activity assay replete with surplus calcium and NADPH. There was no evidence for NO

dependent changes in tyrosine nitration, glutathiolation or phosphorylation of Nox5 and 

ROS production was not modified by GAPDH. In contrast, there was evidence for the 

increased nitrosylation of Nox5 as .determined by the biotin-switch assay and mass 

spectrometry. Four S-nitrosylation sites were identified and of these, mutation of C694 

dramatically lowered Nox5 activity, NO-sensitivity and biotin-labeling. Furthermore, co

expression of the denitrosylation enzymes thioredoxin (Trxl) and GSNO reductase 

(GSNOR) prevented NO-dependent inhibition ofNox5. The potency of NO against other 

Nox enzymes was Noxl:;::Nox3>Nox5>Nox2 whereas Nox4 was refractory. These results 

demonstrate that endogenously produced NO can directly S-nitrosylate and inhibit the 

activity ofNox5. 



The overall conclusion of these studies is that the amount of NO is the most important 

variable influencing protein S-nitrosylation and function. 

INDEX WORDS: NO, eNOS, iN OS, vWF, NF-KB, Nox, Nox5, S-nitrosylation. 
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INTRODUCTION 

A. Statement of the problem and specific aims 

Cardiovascular disease (CVD) remains the principle cause of death in both developed 

and developing countries, and almost 800,000 people die annually in the US from CVDs 

that include atherosclerosis, hypertension, congestive heart failure and stroke [1]. 

Endothelium-derived nitric oxide (NO) as synthesized by endothelial nitric oxide 

synthase (eNOS), plays a vital role in maintaining cardiovascular homeostasis and has 

potent effects on vascular tone, smooth muscle cell proliferation and migration, 

leukocyte adhesion and platelet aggregation [2]. Numerous studies have shown that 

eNOS is protective against pathologic vascular remodeling, hypertension and 

atherosclerosis [3-5]. Moreover, reduced expression and dysregulation of eNOS which 

results in the decreased bioavailability of NO and the increased production of superoxide 

instead of NO, increases the severity of cardiovascular disease [6, 7]. 

Endothelial-derived NO controls vascular function via at least two distinct mechanisms. 

The first is the well characterized activation of the soluble guanylate cyclase (sGC)-cyclic 

guanosine monophosphate (cGMP) signaling pathway [8, 9]. This pathway has been 

established to mediate the NO-dependent relaxation of vascular smooth muscle and the 

ability ofNO to suppress platelet aggregation [10]. However, not all of the actions of NO 

are dependent on sGC/cGMP signaling. A second mechanism involves the ability of NO 

or its metabolites to react with free thiol groups on cysteine residues of target proteins in 

a process called S-nitrosylation [11]. S-nitrosylation of cysteine residues on substrate 

proteins has more recently been shown to be a prominent mode of NO-dependent signal 
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transduction that modulates protein function in a reversible manner analogous to 

phosphorylation [ 11]. Indeed, like phosphorylation, a motif for S-nitrosylation has been 

postulated that consists of a cysteine residue located between an acidic and a basic amino 

acid combined within a hydrophobic environment [12-14]. S-nitrosylation is also 

reversible and two major enzymes have been shown to mediate denitrosylation,. the S

nitrosoglutathione reductase (GSNOR) and thioredoxin I (Trxl) [15, 16]. S-nitrosylation 

has been proposed to regulate a number of cellular processes such as apoptosis [17], 

proliferation [18], nitric oxide synthase activity [19], ion channel activity [20], 

transcription factor activity [17], proliferation [21] and protein secretion [22]. 

It is not yet clear what factors distinguish signaling through cGMP -dependent versus -

independent pathways. Two potential contributing variables are the concentration and 

location of NO. The affinity of soluble guanylate cyclase (sGC) for NO is very high and 

thus low amounts of NO are sufficient to activate this pathway. This property of sGC 

enables endothelium-derived NO to function as an autacoid and activate sGC within 

adjacent vascular smooth muscle cells to induce vasodilation. In contrast, higher amounts 

of NO are required for S-nitrosylation and because of the' rapid diffusibility of NO [23] 

and high cellular levels of GSH, this may.allow for the selective nitrosylation of proteins 

within close proximity to the source of NO synthesis [24]. Indeed eNOS is itself 

nitrosylated [25] and a number of other nitrosylated proteins can be found in a 

perinuclear distribution [26, 27]. Despite these observations, the respective contribution 

of eNOS localization and local NO production to sGC-dependent or -independent 

pathways remains poorly understood. 
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Intracellular localization is a key post-translational mechanism by which the activity of 

eNOS is regulated. Within endothelial cells, eNOS is found within plasma membrane 

(PM) [28-30) domains as well as the peri-nuclear/Golgi complex [31, 32). The activity of 

eNOS is strongly influenced by its subcellular localization and as such, restricting 

expression of eNOS to the cytosol, plasma membrane (PM) or Golgi differentially 

regulates eNOS activity in a phosphorylation-dependent manner. eNOS restricted to the 

plasma membrane is c~nstitutively phosphorylated at S 1179 and produces significantly 

more NO. In contrast, the Golgi pool of eNOS, while functional, produces less NO [33, 

34]. In blood vessels in vivo, eNOS is also found at both the perinuclear/Golgi complex 

and the PM [35] and the relative proportion of eNOS in each location can be influenced 

by the confluency of endothelial cells [33], blood vessel location [34) and shear stress 

[21]. However, the functional significance of these two locations with regard to cGMP 

signaling or S-nitrosylation is incompletely understood. 

In the current study, we sought to determine whether localized production of NO exerts 

preferential control over endothelial function through cGMP-dependent or S

nitrosylation-dependent mechanisms. 

The influence of differentially localized forms of eNOS on sGC-cGMP pathway to 

induce the endothelial dependent vasodialtion was tested by selective expression of Golgi 

versus plasma membrane restricted eNOS in the endothelium of eNOS_,_ blood vessels. 

Endothelial function was assessed by Ach-induced changes in vascular tone. 
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The first non sOC-dependent pathway studied was the ability oflocal production of NO 

to influence the extracellular secretion of Von Willebrand factor (vWF). The established 

target of S-nitrosylation that regulates vWF secretion is N-ethylmaleimide Sensitive 

Factor (NSF), a plasma membrane protein that regulates the exocytosis of Weibel Palade 

bodies (WPB) and ultimately the relea~e of Von Willebrand factor (vWF) [36]. Increased 

plasma levels of vWF are considered a risk factor for cardiovascular disease (CAD) and 

stroke [21]. Endothelial-derived NO has been reported to be involved in the regulation of 

vWF secretion by nitrosylating and inhibiting NSF on cysteine residue 264 [3 7, 3 8]. The 

ability of NO to regulate vWF secretion is significant as it would promote reduced 

potential for coagulation. However, the contribution of local NO produced by Golgi or 

PM eNOS to the regulation ofNSF nitrosylation and secretion ofvWF is not knownc 

The acute loss of NO production in the blood vessel wall stimulates inflammatory 

processes including the increased recruitment of leukocytes to the vascular endothelium 

[39]. Endothelial nitric oxide synthase (eNOS) is the primary isoform responsible for the 

production of NO within blood vessels [40]. The loss of eNOS in eNOS knockout mice 

significantly increases the development of chronic inflammatory disorders such as 

atherosclerosis and further suggests that NO is a physiologically relevant buffer against 

pro-inflammatory mechanisms [41]. The mechanisms by which NO regulates vascular 

inflammation is incompletely understood. NO suppresses the expression of ICAM-1 in 

the endothelium via a process that is independent of sGC/cGMP signaling [ 42-44]. One 

mechanism proposed is through the inhibition of NF-KB [45]. NF-KB is a transcription 
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factor that participates in the cellular response to cellular stress including inflammation, 

cell survival, and proliferation [ 46]. NF-KB activation is observed in response to 

cytokines and promotes increased transcription of genes with Kl3 sites in their promoters 

which include Inter-Cellular Adhesion Molecule 1 (ICAM-1) and Vascular Cell 

Adhesion Molecule 1 (VCAM-1) [47]. The majority of studies investigating the role of 

NO in NF-KB activation have used NO donors or induced the high capacity NOS2 

(iNOS) isoform. Comparatively little is known about whether endogenously produced 

NO from eNOS can influence endothelial NF-KB activation and whether the intracellular 

location of eNOS is important for NF-KB activation. 

Reduced production or bioavailability of NO is an early marker of cardiovascular disease 

and correlates with the increased production of reactive oxygen species (ROS) [ 48]. The 

foremost mechanism for the loss ofbioavailable NO is thought to be due to its interaction 

with superoxide. Low concentrations of superoxide are primarily inactivated by 

superoxide dismutases (SOD). NO can outcompete SOD for superoxide when superoxide 

levels increase signicificantly as occurs in cardiovascular disease states [49]. The reaction 

ofsuperoxide and NO is exceptionally rapid and limited by diffusion [47, 50] and yields 

the potent oxidizing metabolite peroxynitrite (ONOO} The formation of ONOO- is 

thought to be responsible for the nitration of susceptible tyrosine residues on proteins 

within close proximity [51]. Thus a balance of NO and superoxide is important for 

maintaining vascular homeostasis. Disruption of this balance, most commonly in the 

form of decreased levels of bioavailable NO, strongly correlates with both increased 

production ofROS and blood vessel dysfunction [52, 53]. 
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The mechanisms underlying the increased production of ROS are poorly understood and 

are thought to involve not only changes in gene expression, but also post-translational 

modifications related to the loss of NO. In vascular cells, significant sources of ROS are 

the NADPH oxidases (Nox) that produce superoxide and other reactive oxygen species 

[54]. Blood vessels have been shown to express Noxl, 2, 4 and more recently Nox5 [53, 

55, 56]. In contrast to the other Nox isoforms, Nox5 is distinguished as a calcium

dependent enzyme that does not require other proteins for superoxide production [53]. 

Recently, Nox5 was identified in vascular cells [57] and human blood vessels and the 

levels ofNox5 protein expression are increased in advanced atherosclerotic lesions [58]. 

Previous studies have shown that NO can inhibit the activity of Nox2 via the S

nitrosylation of its cytosolic subunits [59] and this mechanism reveals an additional 

pathway that that contributes to the maintainenance of the balance between NO and 

superoxide in the vasculature. However, important questions remain unanswered. It is not 

yet known if NO can modulate the activity of the other Nox enzymes expressed in blood 

vessels such as Nox5 or whether NO can directly inhibit Nox enzyme activity by S

nitrosylating the catalytic Nox enzyme. Nox5 is a particularly useful tool in the latter 

endeavor as it is a self-contained Nox enzyme. Therefore, we pursued the novel question 

of whether NO can influence Nox5 activity and also to identity the molecular 

mechanisms involved. We also investigated the rank order potency of NO against other 

Nox enzymes. 
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Thus, the overarching hypothesis of our studies was to determine whether localized 

production of NO exerts preferential control over endothelial function through the 

S-nitrosylation of distinct proteins. 

To test this hypothesis, we propose three specific aims: 

Aim 1: To determine whether the local production of NO in endothelial cells 

differentially regulates the secretion of vWF through corresponding changes in the 

nitrosylation of NSF. 

Aim 2: To determine whether eNOS residing in different intracellular compartments 

affects activation of the NF-KB pathway. 

Aim 3: To determine whether the intracellular location of eNOS can influence NADPH 

oxidaseS (NoxS) activity and to identify the underlying mechanism(s). 

Importantly, a key aspect of these studies will be an ability to distinguish between the 

importance of the amount of NO released versus the location of its release. It is well 

known that the activity of eNOS varies with intracellular location [60], so to circumvent 

this problem we will utilize a calcium-insensitive form of eNOS that produces the same 

amount of NO regardless of its intracellular location. 
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B. Literature Review 

1. NO 

In 1980, an endothelium-derived relaxing factor (EDRF) was discovered in rabbit aortae 

by Furchgott and Zawadzki [61], which was later identified as nitric oxide [62]. Nitric 

oxide (NO) is a highly lipophilic, hyper reactive, diffusible free radical gas [63] with a 

biological half-life in the order of several seconds [61]. NO is produced in almost all 

tissues and organs, exerting a variety of biological actions under both physiological and 

pathological conditions in the cardiovascular, nervous, digestive and immunological 

systems [61]. NO consists of a paired oxygen and nitrogen atom that exhibit both partial 

double bond and partial triple bond characterstics as a result of the unpaired electron [ 61, 

64, 65]. The free radical character of NO confers specific chemical reactivities and 

promotes the interaction of NO with numerous cellular and extracellular targets. Since 

NO is a gas, it readily diffuses from the site of synthesis and can traverse multiple cell 

membranes to reach its final target [64]. Well-characterized vascular benefits of NO 

include stimulation of vasodilation, inhibition of smooth muscle cell proliferation, 

leukocyte adhesion, and platelet aggregation [66, 67]. Impaired NO activity is a crucial 

factor in the pathogenesis of cardiovascular disease [68, 69]. As a consequence, the 

improvement of endothelial NO bioavailability to reduce cardiovascular risk has emerged 

as a major therapeutic goal [70]. The discovery of the important vascular role of NO to 

the once elusive endothelium-derived relaxing factor (EDRF) led to the award of the 

1998 Nobel Prize in Physiology or Medicine [71]. 
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2. NOS 

The NOS family of enzymes consists of three distinct isoforms: the neuronal (nNOS or 

NOSI, as it was the first isoform to be discovered), inducible (iNOS or NOSII), and 

endothelial (eNOS or NOSIII) NOS. All three isoforms are expressed in the human 

cardiovascular system [71]. Generally, iNOS is not constitutively expressed in 

unstimulated cells. Inflammatory stimuli or cytokines stimulate the production of large, 

unregulated quantities of NO during inflammatory or immunological defense reactions 

via changes in iNOS expression [61, 72-74]. eNOS was previously thought to be 

constitutively expressed, but recent studies have shown that its expression levels fluctuate 

in response to mechanical stimulation [74], growth factors [75] and cytokines [76]. 

All three NOS isoforms bind to calmodulin (CaM). Since camodulin binds tightly to 

iNOS even in the absence of Ca2+, iNOS is regarded as being essentially Ca2+ 

independent [77]. In contrast, nNOS and eNOS are activated by Ca2+/CaM to produce 

NO [64, 78]. There are marked differences in the output of NO from each of the 

isoforms: iNOS>>nNOS>eNOS and this relates not only to differences in Ca2+/CaM 

binding but also to structural differences in their reductase domains [ 61]. 

The three mammalian NOS isoforms are encoded by separate genes on different 

chromosomes, but share similar genomic organization, catalytic mechanisms and a high 

level (approximately 50%-60%) of sequence identity [61]. Despite this, the 

mechanisms that control their activity in time and space are quite diverse [61]. NOS is a 

hi-domain enzyme consisting of a C-terminal reductase domain which binds NADPH, 
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flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD), an N-terminal 

oxidase domain which binds a prosthetic heme group, zinc, tetrahydrobiopterin (BH4), 

and a regulatory calmodulin binding sequence. All three NOS enzymes are usually 

referred as "homodimers" in their active form since dimerization is essential for 

enzymatic activity [61]. Electrons flow from the reductase domain of one NOS monomer 

to the oxygenase domain of another NOS monomer [79, 80]. Calmodulin is an allosteric 

effector that is essential for full NOS activity. The association of calmodulin with the 

CaM-binding domain facilitates the flow of electrons from NADPH to FAD and finally 

to FMN within the reductase domain as well as from the reductase domain to the 

oxygenase domain [26, 27]. At the heme site, molecular oxygen is reduced and 

incorporated into L-arginine to form NO and L-citrulline [81, 82]. The overall 

stoichiometry of NO catalysis consumes 1 mole ofl-arginine, 1.5 moles ofNADPH, and 

2 moles of molecular oxygen to generate 1 mole of NO, 1 mole of !-citrulline, and 2 

moles of water [83-85]. 

To efficiently produce NO, the NOS enzymes must effectively coordinate the binding of 

multiple substrates and cofactors. NOS can produce superoxide when levels of 

tetrahydrobiopterin or arginine are insufficient [86, 87] . Release of superoxide by NOS 

may result in the rapid reaction of superoxide with NO to yield peroxynitrite (ONOO-) 

[88]. 

3. eNOS post-translational regulation 
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eNOS activity is controlled by a complex integration of transcriptional, post

transcriptional and post-translational mechanisms [89]. Acutely, eNOS activity can be 

robustly regulated by a number of of post-translational modifications, including fatty acid 

acylation, degree of phosphorylation, S-nitrosylation and protein-protein interactions 

[90]. 

1) Intracellular Localization 

Within endothelial cells, eNOS has been shown to be concentrated within plasma 

membrane (PM) caveolae, a pocket-like invagination on the membrane, which is 

enriched with cholesterol and essential for its normal structure and function [84, 85]. The 

extraction of membrane cholesterol and exposure of endothelial cells to. oxidized LDL all 

have been shown to reduce eNOS activity by displacing eNOS from the plasma 

membrane to intracellular sites [83, 84, 88, 91] suggesting that eNOS targeting is 

important for its activity. The subcellular location of eNOS is mediated by protein fatty 

acid acylation. There are two major lipid modifications: co-translational N-myristoylation 

on glycine-2 and post-translational palmitoylation on cysteines-15 and 26. Myristoylation 

of eNOS is required for the overall membrane association of eNOS while palmitoylation 

is necessary to further target the enzyme to caveolae [83, 85]. eNOS is inactive when 

bound to caveolin-1, and becomes more active with agonist stimulation and eNOS 

dissociation [88]. 1n addition to the plasma membrane, eNOS can be found attached to 

various intracellular membranes, such as Golgi, which produce much less amount of NO 

than PM eNOS. Functional relevance of eNOS on the Golgi remains to be further 

established [29]. It has also been demonstrated that eNOS and caveolin-1 can translocate 

into the nucleus following VEGF stimulation [31]. The presence of eNOS in 
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mitochondria has also been shown and termed as "mitochondria NOS" (mtNOS), which 

is thought to contribute to superoxide production in endothelial cells [92-95]. However, 

the exact function of eNOS localization in both nucleus and mitochondria remains 

unclear. 

Myristoylation is the first and necessary step for subsequent palmitoylation [95, 96], after 

myristoylation and palmitoylation, eNOS is subsequently targeted to the Golgi complex 

and plasmalemmal caveolae [97, 98]. Previous studies have shown that G2A mutant of 

eNOS is neither myristoylated nor palmitoylated and present in the cytosol, where G2A 

eNOS produces less NO than the wild type eNOS. Howerver, they present identical 

catalytic activities in isolated enzyme activity assays. Requirement of palmitoylation for 

optimal eNOS function was revealed by mutation of Cys-15 and Cys-26 to serines, which 

prevents eNOS palmitoylation, and leads to intracellular redistribution of eNOS and 

diminishes NO synthesis in cells [97, 99-101]. Further analysis of eNOS targeting motifs 

discovered that the first 35 amino acids including the N-myristoylation and 

palmitoylation sites are sufficient to provide the intracellular targeting of eNOS into the 

Golgi and PM region [102]. 

Different intracellular locations have important impact on eNOS phosphorylation. 

Indeed, the appropriate intracellular localization and distribution of eNOS in plasma 

membrane and Golgi apparatus is necessary for Akt (and agonist)-dependent eNOS 

phosphorylation on Ser-1179 [I 03]. In COS-7 cells, when reconstituted with plasma 

membrane localized eNOS, eNOS is highly phosphorylated and highly active in response 
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to the elevation of intracellular calcium, while Golgi eNOS is less phosphorylated and 

preferentially activated via mechanisms involving Aid-dependent phosphorylation [104]. 

2) eNOS Phosphorylation 

eNOS is dynamically regulated by protein phosphorylation and dephosphorylation. It is 

known that eNOS can be phosphorylated at multiple sites, including serine(S), 

threonine(T) and tyrosine(Y) residues [105]. Six primary sites of eNOS phosphorylation 

have been identified in the human isoform on Y81, S114, T495, S615, S633 and S1177 

(equivalent to Y83, S 116, T497, S617, S63 5 and S 1179 of bovine eNOS due to two extra 

amino acids in the bovine eNOS sequence) [106]. 

The phosphorylation of human eNOS S1179 on the reductase domain is regarded as 

positive regulator of eNOS activity [18, 106, 107]. Phosphorylation ofS1179 via Akt has 

been shown to be important in the activation of eNOS in endothelial cells in response to 

VEGF and shear stress [1 06]. Other protein kinases have also been shown to 

phosphorylate eNOS at S1179, including AMPK [106], CaM protein kinase II [108], 

PKA and PKG [ 1 09]. Enzymatically, the phosphorylation of S 1179 increases electron 

flow and calcium-calmodulin sensitivity [103]. 

Phosphorylation of both S617 and S635 promote greater NO release [102]. The 

phosphorylaiton of S617 can be induced by PKA or Akt activity, and may serve to 

sensitize eNOS to calmodulin binding and modulate the phosphorylation of other eNOS 

sites [110]. Mimicking the phosphorylation by mutating S617D only increases the 
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Ca2+/CaM sensitivity without affecting overall enzyme activity [102, 103]. S635, in the 

FMN binding domain, is phosphorylated by protein kinase A (PKA) [103, 111] and may 

represent a second stimulatory phosphorylation response [1 00]. Mimicking 

phosphorylation by S635D mutation results in enhanced eNOS overall activity as well as 

increased its sensitivity to Ca2+/CaM. Both S617 and S635 are present on the same auto

inhibitory domain on eNOS and deletion of this domain along with other autoinhibitory 

domain containing S 1179 results in an eNOS enzyme that is calcium insensitive, which 

produces more NO compared to wt eNOS [112] . 

The phosphorylation of T497 is inhibitory and thought to interfere with the binding of 

calcium-activated calmodulin to eNOS [107]. The phosphorylation ofT497 is mediated 

by adenosine monophosphate-activated kinase (AMPK) [1 13] and protein kinase C 

(PKC) [114] and appears to attenuate eNOS enzyme activity by interfering with the 

binding of calmodulin to the eNOS calmodulin binding domain [113]. Importantly, 

agonists such as bradykinin which increase NO release simultaneously induce the 

dephosphorylation ofT497 [100], which serve to facilitate eNOS activation. 

S 116 was first identified as a phosphorylation site that can be induced by shear stress 

[115]. The impact of phosphorylation on S 116 in the eNOS oxygenase domain remains 

controversial [108]. S116 was previously proved as a negative regulatory site [114]. 

Dephosphorylation of this site is in assocation with eNOS activation by VEGF [95, 116] 

and mimicking phosphorylation of eNOS at S116 by Asp mutation reduces basal NO 

release from endothelial cells [95, 96]. Phosphorylation of S 116 also occurs under basal 
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conditions and is dephosphorylated in response to VEGF stimulation [79]. In contrast, 

shear stress [117] and HDL [80, 87] have been reported to increase S116 

phosphorylation. Another study found no change in Ser116 phosphorylation with either 

stress or VEGF, which adds to more uncertainty [118]. S116A increases the amount of 

NO release from endothelial cells in response to agonist stimulation and S116D increases 

eNOS association with caveolin-1 and reduces the vascular reactivity of intact aortic 

rings [119-121]. 

Y83 is the most recently identified eNOS phosphorylation site [79]. Phosphorylation of 

this residue is mediated by Src kinase in response to different eNOS-activating agonists, 

which increases eNOS activity and NO production in both co-transfected COS-7 cells 

and in endothelial cells [79, 105, 122]. 

3) Protein-protein Interaction 

Calmodulin (CaM) was the first protein identified to directly bind and affect eNOS 

activity. It binds to a cognate CaM binding domain on eNOS that lies between the 

oxygenase and reductase domains, displaces the adjacent autoinhibitory loop and enables 

a higher rate ofNADPH-dependent electron flux to the heme moiety [123]. 

Caveolin-1 (Cav-1) can also directly interact with eNOS by virtue of its scaffolding 

domain which binds to the caveolin binding motiflocated on eNOS between amino acids 

350-358 and plays a negative role in the regulation of eNOS activity by reducing NO 

production [ 124]. The binding of Cav-1 occurs in stimulus-dependent manner and the 
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elevation of intracellular calcium and binding of calcium-calmodulin to eNOS displaces 

Cav-1 and facilitates eNOS activation [79]. 

The hsp90 proteins are a family of molecular chaperones involved in the proper folding 

and maturation of substrate proteins [125]. Hsp90 is thought to interact with eNOS under 

resting conditions and binding is increased following exposure to various endothelial cell 

stimuli including VEGF, histamine, fluid shear stress, and estrogen, which can increase 

eNOS activity and NO release [126]. Several mechanisms involved have been 

demonstrated. Allosteric modulation of eNOS by association of hsp90 induces a 

conformational change that promotes increased eNOS activity as well as to stabilize the 

eNOS-hsp90 heterocomplex. In addition, hsp90 can also act as a scaffold for the 

recrujtment of other regulatory proteins including kinases and phosphatases that can 

secondarily influence eNOS function [127]. CaM-dependent activation of eNOS can also 

be influenced byhsp90 [128, 129]. 

NOSIP and NOSTRIN are both eNOS interacting proteins. When bound to NOSIP [128] 

' or NOSTRIN [130], eNOS translocates from plasmalemma! caveolae to other 

intracellular compartments, such as Golgi. Due to the reduced eNOS at the plasma 

membrane portion, eNOS activity and NO release are both decreased. 

Several membrane receptors and ion channel are also involved in eNOS regulation. The 

bradykinin (BK) B2 receptor is a G-protein coupled receptor (GPCR) that binds and 

acts as another allosteric regulator of eNOS.activity. Dissociation of eNOS from the BK 

16 



B2 receptor occurs reciprocally with association with Ca2+/CaM and follows stimulation 

with BK or other calcium mobilizing agonists. These events are calcium-dependent and 

can be reversed by blocking the elevation in intracellular calcium [131]. Angii can active 

eNOS promoter and stimulate eNOS expression via Angll (ATz) receptor in 

myocardium. This effect is medicated by calcineurin pathway [132]. By 

coimmunoprecipiation experiments followed by MS, porin was identified as a direct 

binding partner of eNOS and this interaction augmented eNOS activity probably through 

intracellular calcium [95]. 

Recently, another novel form of eNOS regulation through S 116 phosphorylation was 

discovered. Interaction of Pin1 prolyl isomerase with eNOS was detected only when 

SII6 is phosphorylated. Inhibition ofPinl increased NO release, and overexpressed Pinl 

supresses NO production, which was proved in both endothium and blood vessels [101]. 

eNOS function can also be indirectly controlled by many other proteins. Acyl-Protein 

Thioesterase-1 (APT-1) has been shown to induce the depalmitoylation of eNOS 

especially after stimulation with Ca2+/CaM-dependent agonists [133]. This may account 

for the translocation and redistribution of eNOS since palmitoylation of eNOS facilitates 

targeting to plasmalemmal caveolae [126]. The cationic amino acid transporter- I (CAT-

1) is the primary L-arginine transporter in ECs and can interact directly with eNOS and 

enhance its activity through a mechanism that paradoxically does not involving L

arginine transport [134]. The cell division cycle 37 (Cdc 37), a co-chaperone of hsp90 

interacts directly with eNOS and inhibits its activity [2]. The C-terminal Hsp70-
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interacting protein (CHIP) associates with both Hsp70 and Hsp90, and negatively 

regulates eNOS trafficking into the Golgi complex [135-138]. Furthermore, eNOS has 

also been shown to interact with proteins including Src kinase [139], Akt-kinase [140], 

Dynamin-2 [141-143], the voltage dependent anion channel-porin [144, 145] and sGC 

[146]. 

4) Substrate a11d Cofactor Availability 

L-arginine is the primary substrate of eNOS and the catalytic activity of eNOS also 

requires the co-factor, tetrahydrobiopterin (BH4). Many studies have suggested that 

cellular deficiency of either L-arginine or BH4 can cause endothelial dysfunction by 

"uncoupling" eNOS which results in a shift from NO production to superoxide. The 

consequences of this are reduced synthesis and bioavailability of NO and increased 

levels of superoxide and peroxynitrite [147]. The depletion of the NOS substrate L

arginine by arginase, isoforms I and II in endothelial cells have also been proposed to 

inhibit eNOS activity [148]. Upregulated Arginase II levels concomitant with endothelial 

dysfunction has been observed with cardiovascular diseases such as atherosclerosis [149] 

or hypertension [150]. Accordingly, supplementation of L-arginine has been proposed to 

have beneficial effects in humans with pathophysiological conditions including 

hypercholesterolemia and hypertension, although this remains a controversial approach as 

the levels of L-arginine, even in disease states, are much higher than required for eNOS 

synthesis [149]. Oxidation and depletion ofBH4levels promotes endothelial dysfunction 

[18, 151]. Furthermore, supplementation of BH4 improves endothelial-dependent 

vasodilation in animal models of diabetes [24] and insulin resistance [61], as well as in 
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patients with hypercholesterolemia [18], diabetes mellitus [18], essential hypertension 

[152, 153] and in chronic smokers [61]. These findings suggest that limited synthesis or 

recycling of BH4 is a rate limiting step in the synthesis of NO in cardiovascular disease 

states. 

5) S-nitrosylation 

Not only is eNOS activity influenced by a wide range of protein regulators, but eNOS is 

itself post-translationally regulated by S-nitrosylation, the covalent modification of a 

protein cysteine thiol by an NO group to generate an S-nitrosothiol (SNO) [154]. In 

endothelial cells, the source of NO for nitrosylation comes primarily from eNOS. The 

subcellular targeting of eNOS to the plasma membrane has been shown to be required for 

eNOS S-nitrosylation [155, 156]. In quiescent or unstimulated endothelial cells, eNOS 

was found to be S-nitrosylated at two cysteine residues Cys-94 and Cys-99 [ 157]. In 

response to VEGF stimulation, eNOS was rapidly denitrosylated within the same time 

frame as increased phosphorylation at Ser-1179 [48]. The nitrosylated cysteines are found 

within the zinc tetrathiolate cluster, a. structure that is intimately connected with the 

eNOS dimer interface, but one that does not directly affect NOS dimer formation in intact 

cells [158]. Thus, the mechanism of exactly how nitrosylation represses the activity of 

eNOS remains poorly understood. 

4. Functional mechanisms of NO 

Endothelial-derived NO can regulate vascular function via two distinct mechanisms. The 

activation of NO-soluble guanylate cyclase (sGC)-cyclic guanosine monophosphate 
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(cGMP) signaling pathway [157] and the S-nitrosylation of target proteins with reactive 

thiols (S-nitrosylation) [159]. The respective contribution of eNOS localization and local 

NO production to· sGC- dependent or independent pathways is not yet known. 

Nitric oxide (NO)-sensitive soluble guanylyl cyclase (sGC) is a NO-receptor that 

catalyzes the formation of the intracellular messenger cyclic guanosine monophosphate 

(cGMP). Binding of the physiological activator, NO, to the reduced heme moiety ofsGC 

increases the conversion of guanosine triphosphate (GTP) to cyclic GMP ( cGMP) and 

secondarily engages crucial effector systems such as protein kinases, phosphodiesterases, 

and ion channels [160]. eNOS induces changes in vascular tone via the production of NO 

in the endothelium, which diffuses to the underlying smooth muscle cells and activates its 

cognate receptor, sGC. The dysfunction of this pathway has been reported to contribute 

to the pathogenesis of many disorders, including hypertension and atherosclerosis [161]. 

The affinity of sGC for NO is very high and thus low amounts of NO [19] are required to 

activate this pathway [162, 163]. The activation ofsGC by low concentrations of NO leads to 

an elevation of cGMP and increased protein kinase G (PKG) activity. Activated PKG 

phosphorylates a number of intracellular targets and mediates many of the biological activities of 

NO [164]. However, it is becoming increasingly evident that the sGC-PKG signaling axis cannot 

account for all of the actions ofNO, such as vascular remodeling [13]. 

In the past decade, reversible redox modifications of critical cysteine residues have 

garnered considerable attention as a mechanism of intracellular signaling. Of these 

modifications, it is increasingly recognized that protein S-nitrosylation, the addition of a 

nitric oxide group to cysteine thiols, serves an important role in a wide range of signaling 
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pathways. Synthesis of S-nitrosothiols from NO in biological systems generally requires 

the presence of an electron acceptor, oxygen [151, 163, 165-167]. 

(a) 2 NO+ Oz -7 2 NOz followed by, 

(b) NOz +NO -7 Nz03 = +ON ... NOz-

(c) +ON ... No2- + RSH -7 RSNO + HNOz (where R is the substrate to be nitrosylated) 

A large number of SNO-proteins have been identified, but the observed specificity of S

nitrosylation in terms of target proteins and specific cysteines within modified proteins is 

not yet well understood [168-170]. 

S-nitrosylation (SNO-proteins) mediates a wide range of biological processes including 

those involved in cellular trafficking [171], muscle contractility [172], apoptosis [173] 

and circulation [173], as well as a wide range of pathophysiological conditions [174]. The 

dysregulation of protein S-nitrosylation has been observed in a wide spectrum of human 

diseases is increasing recognized as source of aberrant cellular function [175]. Mass 

spectrometry has revealed that cysteine residues susceptible to nitrosylation tend to be 

located between an acidic and a basic amino acid. This has lead to the proposal of a 

pro typic consensus acid-base motif for S-nitrosylation, which has been shown to provide 

predictive value in several examples [3 6]. In contrast to sGC signaling, higher amounts of 

NO (!lM) are required for nitrosylation and because of the high diffusion co-efficient of 

NO [36], this may allow the selective nitrosylation of proteins within close proximity to 

the source of NO. 

5. vWF 
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Von Willebrand Factor (vWF) is a large, circulating multifunctional glycoprotein, 

composed of 2050 amino acid residues [21]. vWF is characterized by its multimeric 

nature, with subunits of varying in size from 240 to 270 kd and oligomers as large as 15-

20 million daltons [176]. vWF performs two critical functions in hemostasis: it acts as a 

bridging molecule for platelet adhesion and aggregation at sites of injury and acts as a 

carrier and provides stability to factor VIII in the circulation [176]. vWF is primarily 

synthesized in megakaryocytes and endothelial cells [177-179]. After synthesis, vWF is 

stored in endothelial granules called Weibel Palade bodies (WPB). Endothelial cells 

secrete WPBs to release vWF in response to vascular injury and endogenous factors such 

as thrombin which trigger. platelet aggregation and thrombus formation [ 46]. Plasma vWF 

levels are determined by genetic factors including ABO blood groups and vWF 

mutations, and by non-genetic factors including aging, impaired nitric production, 

inflammation, free radical production and diabetes [180]. vWF deficiency is the primary . 

cause of the bleeding disorder called von Willebrand disease (VWD). In addition to its 

important functions in hemostasis, vWF has attracted considerable interest as a predictor 

of cardiovascular disease (CVD), such as stroke, atherosclerosis and coronary heart 

disease (CHD) [41]. Endothelial-derived NO regulates the secretion of vWF by 

nitrosylating NSF, a plasma membrane protein that regulates the exocytosis ofWPB. NO 

nitrosylates multiple cysteine residues on NSF, but C264 is the most functionally relevant 

[ 42-44]. In addition to direct inhibition of platelet aggregation, the ability of NO to 

control vWF secretion provides another mechanism by which NO provides 

cardiovascular protection. 
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6. NFKB pathway 

Nuclear factor-KB (NF-KB) is one of the most important transcription factors, playing a 

pivotal role in the inflanunatory cascade in response to over 200 stimuli, including 

inflammatory cytokines, phorbol esters, mitogens, bacterial and viral products, oxidative 

stress and hypoxia!reoxygenation [44]. The major downstream targets of NF-KB

mediated transcription are chemokines, immune receptors, adhesion molecules, stress 

response genes, regulators of apoptosis, transcription factors, growth factors, enzymes 

and cell cycle regulators [181]. In resting cells, NF-KB resides in an inactive state in the 

cytoplasm by forming complexes with the inhibitor of KB (IKB) proteins. Exposure to 

extracellular stimuli leads to the activation of IKB kinase (IKK), which phosphorylates 

IK:Ba proteins on highly conserved serine residues and initiates dissociation ofiKBa from 

NF-KB, and eventual ubiquitination of IKBa via the proteosome. The activated NF-KB is 

then translocated into the nucleus where it binds to specific sequences of DNA called 

response elements (RE) to regulates target gene expression and exert its biological 

functions [182]. For example, NF-KB activation is observed in HAECs in response to 

TNFa. and promotes increased transcription of genes with KB sites in their promoters 

which include Inter-Cellular Adhesion Molecule 1 (ICAM-1) and Vascular Cell 

Adhesion Molecular 1 (VCAM-1) [168]. Nitric oxide (NO) has been shown to impact the 

regulation of NF-KB and is key process by which NO regulates the inflanunatory 

response [183]. 

NO was found to suppress the expression of ICAM-1 in the endothelium via a process 

independent ofsGC/cGMP signaling [184, 185]. One possible mechanism is through the 
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inhibition ofNF-KB [186]. Multiple mechanisms have been proposed to account for the 

ability of NO to inhibit NF-KB. These include the stabilization of IKB, induction of IKBn 

mRNA and reduced nuclear translocation of NF-KB. Given the multiple mechanisms of 

inhibition, it is not surprising that NO has been shown to S-nitrosylate multiple targets 

within the NF-KB pathway including Cys62 of p50 which compromises DNA binding 

[183], Cys38 ofp65 which prevents heterodimer formation [187, 188] and Cys-179 of 

IKK~ which prevents IKB phosphorylation [ 189]. 

7. Reactive Oxygen Species (ROS) and oxidant stress 

ROS are reactive intermediates of oxygen metabolism. The negatively charged 

superoxide radical is formed by the one-electron reduction of molecular oxygen, [ 183]. 

Two-electron reduction of oxygen leads to the product of hydrogen peroxide (HzOz). 

These serve as progenitors for other reactive oxygen species (ROS), including 

peroxynitrite (ONOO), hypochlorous acid (HOC!), the hydroxyl radical (OH), lipid 

peroxides (ROO·), lipid peroxy-radicals, and lipid alkoxy radicals (RO") [ 190, 191]. The 

production of ROS has important biological functions, including a central role in host 

defense by killing microbes in phagocytic cells. Accumulating evidence suggest that non

phagocytic cells also produce ROS, such as endothelial cells [51, 192, 193] and vascular 

smooth muscle cells although the function of ROS in these cells is less clear [168, 186, 

194]. In the cardiovascular system, the most important enzymes that produce ROS are 

nicotinamide-adenine dinucleotide phosphate (NADPH) oxidases (Nox enzymes), 

xanthine oxidase, the mitochondrial electron transport system and, under certain 

circumstances, NO synthase [51, 168, 193, 195-198]. Other sources of ROS can be 
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cytochrome P450 or myeloperoxidase, which is important in the formation of HOC! 

[168]. Cardiovascular diseases such as hypertension, diabetes mellitus, 

hypercholesterolemia and atherosclerosis can increase either the activity or the expression 

of these enzymes, or alter enzyme function leading to elevated ROS production that 

exceeds antioxidant defenses in vascular wall, an imbalance that is referred to as 

oxidative stress [ 192]. Whether increased superoxide is the sole causative factor of 

oxidative stress, a participant, or requires the cooperation of other factors present in the 

extracellular milieu is not yet known [199]. 

ROS are generally short lived molecules due to scavenging by antioxidant systems, 

including glutathione peroxidase, thioredoxin, catalase, superoxide dismutase [168, 183, 

192, 199, 200], as well as nonenzymatic antioxidants including glutathione, ubiquinone, 

vitamins E and C, lipoic acid, beta carotene, and urate [20 1]. Perturbation of the balance 

between ROS production and scavenging can result in oxidative stress which has been 

shown to be important in the pathophysiology of cardiovascular disease [185]. 

ROS production is not always deleterious or toxic. When produced under controlled 

conditions in specific subcellular locations in low amounts, ROS can act as signaling 

molecules to regulate normal biological cellular responses such as gene regulation, 

smooth muscle contraction, differentiation, cell cycle progression, and cell survival [201]. 

Higher concentrations and inappropriate production leads to loss of redox homeostasis 

and contributes to many diseases such as cancer, inflammation, atherosclerosis, 

hypertension and diabetes [202, 203]. ROS affect the reversible and irreversible oxidative 
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modification of diverse molecules, including DNA, proteins, lipids, and sugars, 

potentially leading to toxicity and organ malfunction [185, 199]. A well characterized 

molecular targets of ROS are protein tyrosine phosphatases (PTPs) [204, 205]. PIPs 

together with protein tyrosine kinases (PTKs) which regulate protein tyrosine 

phosphorylation, a major mechanism for posttranslational modification of proteins that 

are critically involved in regulating cellular function. Through these actions, ROS have a 

major impact on maintaining vascular integrity. 

8. NADPH oxidases (Nox) 

Originally identified in leukocytes, the Nox family of enzymes comprises seven 

members, Nox1-5 and Duox1, 2. The non-phagocytic Nox enzymes have been emerged 

as major sources ofROS in the vasculature [54]. Four of them (Nox1, 2, 4, 5) have been 

identified in the cardiovascular system and contribute to the pathophysiology of 

cardiovascular diseases [206]. The structure of N ox enzymes can be functionally divided 

into an N-terminal six-transmembrane domain which contains four highly conserved 

heme-binding histidines, and a C-terminal reductase domain that binds FAD and NADPH 

[53, 54, 189, 201, 206]. The Nox2 multicomponent enzyme consists of two membrane

bound emements (gp91phox and p22phox), three cytosolic components (p47phox, 

p67phox, p40phox) and a G protein (Rac2 or 1 ). In resting cells, the enzyme complex is 

dissociated but is rapidly activated upon exposure to microorganisms or inflammatory 

mediators. ROS are produced in response to growth factors, cytokines, G-protein coupled 

receptor agonists or shear stress [54, 199, 207]. Activation of the enzyme is initiated by 

the serine phosphorylation of p47phox, a rate limiting step required for the complex 
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activation. This triggers complex formation between the cytosolic subunits (p67, p40) 

followed by translocation to the membrane and association with cytochrome bsss 

(gp9lphox and p22phox collectively) which initiates electron flow and superoxide 

production. Noxl is believed to primarily interact with the cytosolic subunits NoxOI 

(organizer), NoxAl (activator), and GTP-Rac on activation. Both Noxl and 3 are 

activated in a similar manner to Nox2 [53, 54, 208, 209]. Nox4 is also bound to p22phox, 

but does not require cytosolic subunits for its activity and is instead considered to be 

constitutively active and also produces H202 instead of superoxide [21 OJ. Given that ROS 

are diffusible and short-lived, the local production in of ROS in specific subcellular 

compartments following receptor activation is necessary for the transduction of redox

dependent signaling events [211]. 

9. NADPH oxidase 5 (NoxS) 

Nox5 differs from the other Nox enzymes by its N-terminal EF-hand motifs which 

regulate is calcium-dependent activity and requires no additional cytoplasmic or 

membrane bound subunits [212]. Currently there are five known splice variants ofNox5. 

Nox5 a, p, o andy and a truncated variant Nox5-S ore [213, 214]. All splice varaiants 

have been shown to be expressed in endothelial cell and smooth muscles in different 

quantities, but Nox5 a, p are the most abundant isoforms [208, 215]. Nox5 gene is not 

present in rodents, so experimental models are limited to cultured cells and isolated 

tissue, additional work will be needed to define the role of this Nox protein in vivo [208]. 

Within cells, Nox5 can be found in the cytoskeletal fraction, endoplasmic reticulum or 

plasma membrane [208]. The restricted distribution of Noxs to specific intracellular 
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locations suggests that Nox5 may have important roles in modulating discrete aspects of 

intracellular signaling. Many studies have suggested a novel and important role for Nox5 

in vascular function. Nox5 expression and calcium-sensitive oxidase activity is increased 

within atherosclerotic blood vessels [216, 217]. It has been reported that Nox5 could 

stimulate endothelial cell proliferation, promote the formation of capillary-like structures 

and contribute to the endothelial response to thrombin [218]. Increased superoxide 

formation has been identified as a causative factor to reduce NO bioavailability, 

uncoupling eNOS via BH4 depletion or homodimer disruption, and also by altering 

redox-sensitive signaling cascades. Our lab found that increased superoxide production 

via expression of Nox5 paradoxically enhanced overall eNOS activity in a variety of 

different cell types and in intact blood vessels. The functional significance may represent 

a feedback system that enhances NOS enzymatic activity to counterbalance a decrease of 

NO [219]. 

10. Molecular Regulation ofNADPH oxidase 5 (Nox5) 

As the last Nox enzyme discovered and its absence from rodent genomes, the 

mechanisms controlling the activity ofNox5 are comparatively less well understood. The 

primary and specific driving force for Nox5 activity is calcium [220]. It has been shown 

that calmodulin can facilitate the activation ofNox5 at lower levels of calcium [183]. The 

calcium sensitivity of Nox5 can also be increased by the specific phosphorylation at 

S490, T494, and S498 [221] to stimulate the Nox5 acitivity, particularly at low calcium 

concentrations. The activator of protein kinase C (PKC), phorbol-12-myristate-13-acetate 

(PMA), induces Nox5 phosphorylation on T494 and S498 and elicits a robust, slow and 
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sustained production of superoxide JTom NoxS without modifying the levels of 

intracellular calcium [221]. 

Several kinase(s) have been shown to mediate the phosphorylation and activation of 

NoxS. CAMKIIu was shown to induce the phosphorylation of S475 and activate NoxS 

[221, 222]. MEK-ERKl/2 signaling pathways can also positively regulate NoxS activity 

by inducing S498 phosphorylation [223] . Negative regulators of Nox activity are not 

well described. SUMO-I and the SUMO-specific conjugating enzyme, UBC9 was 

recently found to potently suppress the NoxS activity as well as other Nox isoforms, 

Noxl-4, and reduces ROS production. However, there was no evidence shown that NoxS 

are the direct substrates for SUMO conjugation as mutation of predicted sites of 

SUMOylation and conserved lysines on Nox5 fail to prevent the inhibition of ROS 

production and this data suggests that Sumo is likely having an indirect effect on Nox 

activity [183]. Besides post-translational modification, the C-terminus ofNox5 was found 

to bind to hsp90. Both pharmacological and genetic inhibition of hsp90 directly reduces 

Nox5-derived superoxide.[l83] 

11. Measurement ofROS 

Given the low amounts and high reactivity of ROS, it is important to use appropriate 

methods to accurately quantifY the levels of ROS in cells and tissues. An ideal assay for 

ROS detection should be sufficiently sensitive and specific. Numerous methods have 

been used for ROS detection, each with advantages and disadvantages. Since all of the 

available techniques can yield errors, it is highly recommended strategy to use more than 

one method to confirm the results and avoid erroneous conclusions. 
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1) Chemiluminescence based techniques 

Chemiluminescent probes release a photon on exposure to o2·-, which can be detected by 

a luminometer. Most of these probes are cell permeable and the 02·- measured reflects 

both extracellular and intracellular pools [183]. The advantage of the chemiluminescence 

is the high sensitivity and that it is inexpensive. Lucigenin, Luminol and L012 are 

commonly used luminophores in the cardiovascular system. Redox cycling might 

overestimate 0 2·- production by lucigenin, which can react with oxygen to generate 02·

[224, 225]. L-012, a luminal analog, has been used to detect superoxide in different 

biological systems, such as cellular system, whole blood, isolated leukocytes, and 

vascular tissue under basal conditions ·as well as on stimulation, with high sensitivity 

compared to other probes [183, 226]. It has been reported that L012 does not undergo 

redox cycling and is specific for 0 2·- with. confirmation by EPR [227]. However, this 

molecule may also detect ONOO- and probably other ROS [183]. Coelenterazine does 

not undergo redox cycling and was also found to be useful as another probe for the 

detection of 02·- [ 183]. Chemiluminescent probe based techniques have been widely used 

and is reasonably specific for 02·-, and SOD/PEG-SOD can be used as controls to 

provide evidence that the light signal recorded is actually derived from 0 2·-. 

2) Cytochrome c reduction assay 

Cytochrome c reduction assay allows for the quantification of extracellular 02·-. 02-

donates its extra electron to reduce ferrocytochrome c. When ferricytochrome c is 

reduced, its spectrophotometric absorbance at A.=550 nm is increased; whereas absorption 

at 540 and 560 nm remain unaltered. Because ferricytochrome c reduction is not entirely 

specific for 0 2·-, SOD-inhibitable signal is used to confirm the signal proportional to 02·-
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levels. Some enzyme inhibitors, such as oxypurinol, apocynin, and N'-nitro-1-arginine 

methyl ester, may inhibit the direct enzymatic reduction of cytochrome c, and can not be 

used in this assay [228, 229]. Additional limitations of the cytochrome C assay are 

limited sensitivity and greater variability than other methods, making it necessary to use a 

large "n" [230]. 

3) EPR/EPR( Electron Spin Resonance) 

Electron spin resonance (ESR) or electron paramagnetic resonance (EPR) measures the 

absorption of microwave radiation stimulated by free radical modified spin traps. ESR 

signal was transformed into a sine wave with the amplitude proportional to the amount of 

the free radical, which allows the quantification of free radicals. By selecting the proper 

spin probe, one can restrict measurements to intracellular or extracellular compartments. 

Cell-permeable CMH and DMPO are commonly used spin traps. A major limitation of 

this assays are the specificity of the spin probes and selective ROS scavengers are needed 

to discern formation of o2·- [231]. 

4) Dihydroethidium and High-Performance Liquid Chromatography 

Intracellular 0 2·- can be detected by using Dihydroethidium (DHE), a light-sensitive dye, 

which reacts with 02·- to form ethidium, which intercalates with DNA. The intensity of 

the DHE signal can be visualized using fluorescence microscopy and is easily quantified 

using· this approach. Recently, it has been found that reaction of dihydroethidium with 

0 2·- yields a very specific product, 2-hydroxyethidium [232]. Ethidium and 2-

hydroxyethidium are detected with a fluorescence detector using an emission wavelength 

of 580 nm and an excitation of 480 nm. UV absorption at 355 nM is used for detection of 
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DHE. DHE fluorescence imaging provides a spatial local distribution of 02·- production 

and can provide a qualitative evidence of increased 02·- [233]. 2-Hydroxyethidium peak 

can be detected by performing high-performance liquid chromatography (HPLC) to 

estimate the intracellular production of 0 2·- [208]. Samples can be stored at -20°C or 

frozen for short time. DHE is a light-sensitive dye and can react with oxygen in solution, 

all of the procedures should be performed in dim light and prepared in argon-purged 

buffers [183]. The advantage of the HPLC system described is that it permits the 

separation and detection of hydroxyl and superoxide radicals without requiring ESR 

instrumentation [234]. 

5) Detectio11 H202 With DCF-DA a11d Amplex Red 

Intracellular ROS can be measured by cell permeable DCFH-DA (2'7'

dichlorofluorescein diacetate). After uptake, DCFH-DA is cleaved by intracellular 

esterases to DCFH (2', 7'-dichlorofluorescein) and oxidized by ROS to the highly 

fluorescent molecule DCF (2', 7'-dichlorofluorescein). DCFH-DA is considered a general 

indicator of ROS, reacting with H202, ONOO-, and lipid hydroperoxides. This method is 

relatively sensitive. The DCFH-DA technique is often criticized for its disadvantages. 

Oxidation of DCFH by H20 2 is a very indirect reaction and requires peroxidase activity, 

transition metals, and heme enzymes [31, 32, 58, 109]. Peroxidase was found to oxidase 

DCFH to the DCF as well [97]. Redox Cycling can be induced by semiquinone radical, 

which is produced from photoreduction ofDCF [235]. Formation of the DCF-free radical 

anion from redox reactions with DCF and DCFH can generate 02·- and reacts with 

antioxidants such as ascorbate and thiols [98]. Dismutation of this 02·- to H202 can self

amplifY DCF fluorescence. 
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Nonfluorescent Amplex Red (N-acetyl-3, 7-dihydroxyphenoxazine) can be oxidized by 

the horseradish peroxidase and H202 to highly stable fluorescent resorufin, which can be 

detected when excited at 530 nm, strongly emits light at 590 nm [208, 236]. The amounts 

of H202 detected can be calculated using a H202 standard curve. SOD or catalase should 

be included as controls. Extracellular H202 can be measured using this assay, which is 

highly specific and sensitive for H202 [237, 238]. High concentrations (50 f1mol!L) of 

Amp lex Red dye are unstable and auto-oxidation can produce 02- and subsequent H202. 

To minimize this problem, low concentrations of Amp lex Red (I 0 f1mol/L) are 

recommended [237, 239]. 
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MATERIALS AND METHODS 

1. Materials: 

DNA Constructs: 

HA-NSF, HA-GSNOR, HA-tagged wt and mutant Nox5 (C107S, C519S, C694S), 

K227 A GAPDH were generated by PCR. All constructs were verified by bi-directional 

sequencing. LacZ, Trx1 and GAPDH were obtained from Addgene. iN OS, eNOS, CAAX, 

S 17 and calcium insentitive eNOS constructs were generaged as described before [208] . 

Antibodies: 

FLAG and HA were purchased from Sigma. GAPDH, eNOS and hsp90 antibody was 

purchased from BD. Anti-ICAM and VCAM antibodies were purchased from Santa 

Crutz. Anti-biotin, IK.Ba and phosphorylated IKBa antibody was purchased from Cell 

Signaling. Phosphorylation antibody for Nox5 S490, T494 and S498 was generated as 

described before [183, 240-242]. 

Chemicals: 

PMA, ionomycin, LPS and TNF-a was purchased from Sigma. L-NAME and DETA 

NONOate were purchased from Cayman. Peroxynitrite was purchased from Calbiochem. 

Animals: 
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eNOS knockout mice (Jackson Laboratories) were used in accordance with the guidelines 

for animal use of the Institutional Animal Care and Use Committee of the Georgia Health 

Sciences University 

2. Cell Culture and Transfection: 

COS-7 cells and HEK cells were cultured in Dulbecco's modified Eagle's medium 

(Invitrogen) containing L-glutamine, penicillin, streptomycin, and I 0% (v/v) fetal bovine 

serum (FBS). COS-7 cells were transfected with Lipofectamine 2000 (Invitrogen). 

Human aortic endothelial cells (HAECs) and human aortic vascular smooth muscle cells 

(HAVSMCs) were purchased from Cascade Biologics and grown in EBM-2 medium or 

SmBM medium from Lonza, respectively. For transfection, COS-7 cells were seeded at a 

density of2.5 x 105 cells/C12 well dish and transfected the next day using Lipofectamine 

2000 (Invitrogen) according to the manufacturer's instructions. eNOS knock down 

HAECs were selected for viral uptake using the antibiotic puromycin (0.8J,Lg/ml) in EBM-

2 medium. Isolated mouse peritoneal macrophages were cultured in complete DMEM 

overnight before measurement of superoxide. 

3. Adenoviral Generation and Transduction 

Replication-deficient adenoviruse encoding RNAi #3122 was generated using the Block

iT U6 RNAi Entry Vector system (Invitrogen). HAECs were seeded at a density of2.5 x 

105 cells/C12 and transduced the next day at a MOI of 100. 
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Adenoviruses encoding RFP, mutated bovine eNOS constructs or NoxS were generated 

using the pAdDEST adenoviral expression system (Invitrogen) [208]. Cells were seeded 

at a density of2.5 x 105 cells/C12 and transduced the next day at a MOI of 100. 

4. NO Release 

36hrs post transfection or viral transduction, medium (1 001-11) containing NO (primarily 

N02 -) was ethanol-precipitated to remove proteins and refluxed in sodium iodide/glacial 

acetic acid to convert N02- to NO for measurement of the basal NO. To measure the 

stimulated NO release, cells were incubated with serum-free medium for 45 minutes 

followed by stimulation with various agonists incubation for 25 minutes. Net NO release 

was calculated by NO-specific chemiluminescence after subtracting unstimulated basal 

release as described previously [109]. 

5. cGMP Reporter Assay 

BAECs or HAECs were grown on collagen treated glass coverslips and on the day of the 

experiment, the coverslips were removed and placed over the top of confluent RASMCs 

or HA VSMCs seperately, a source of soluble guanylyl cyclase (sGC). The BAECs or 

HAECs were stimulated with 111M ionomycin in the presence of 100U/ml SOD and 

300!lM IBMX for 10 minutes. cGMP content was measured in the smooth muscle cells 

using a cGMP specific EIA according to manufacture's instructions (Cayman Chemcial). 
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6. vWF Secretion 

eNOS "knockdown" HAECs were transduced with adenoviruses encoding eNOS fusion 

proteins targeted to PM or Golgi and 36 hrs post-transduction, vWF accumulation in the 

medium was detected via a vWF ELISA kit according to manufacture's instructions 

(American Diagnostica). 

7. Immunoprecipitation (IP) and Western Blot 

Transfected COS-7 cells were washed twice with phosphate-buffered saline (PBS), and 

lysed on ice in cold lysis buffer containing 20mM Tris-HCl (pH 7.5), 137mM NaCl, I% 

(v/v) Nonidet P-40, I 0% (v/v) glyqerol, I% Proteinase inhibitor cocktail (v/v). Lysates 

were be centrifuged at 12,000 x g to concentrate insoluble material. Nox5 was extracted 

from detergent resistant microdomains by precleared in the lysis buffer with I% SDS and 

subsequently diluted I: I 0 in IP buffer. Protein extracts were incubated with antibody 

overnight and by incubation with Protein NG-agarose for 2h at 4° C with rocking, or 

with preconjugated agarose: anti-HA antibody (Santa Crutz) overnight. Agarose beads 

were then washed and pelleted by centrifugation at 1,000 x g. Immunoprecipitated 

proteins were eluted from the beads by boiling for 5 min in 2x sample buffer. 

Immunoprecipitates or celllysates were immunoblotted with appropriate antibodies. 

For regular Western blots, transfected cells were washed twice with phosphate-buffered 

saline, lysed on ice in 50 mM Tris-HCl, pH 6.8, 2% SDS, 30% glycerol, 6% P

mercaptoethanol, and 0.02% bromphenol blue. Lysates were clarified at 14,000 rpm for 
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10 min at 4°C and size-fractionated by 10% SDS-polyacrylamide gel electrophoresis and 

immunoblotted with corresponding antibodies. 

8. Adenoviral Gene Delivery into Mouse Aortic Endothelium 

The adenoviral gene delivery technique was based on that previously described [109]. 

Briefly, eNOS knockout mice were anesthetized with ketamine/xylazine and 

exsanguinated followed by perfusion of physiological saline through the left ventricle. 

The aorta was cannulated, -20 Jll of PBS containing different concentrations of 

adenoviruses (~-gal, Golgi, PM eNOS) were injected in the lumen of the aorta, and the 

vessel was tied off. The virus-filled vessel was incubated overnight in serum-free DMEM 

at 3 7°C, 5% C02. All protocols using animals have been approved by the Institutional 

Animal Care and Use Committee, Georgia Health Sciences University. 

9. Isometric Studies 

Aortic rings (1 mm) were mounted on two wires in a 6-ml chamber vessel myograph 

(Danish Myo Technology), and basal tension was set at 1.0 gram. After a 45-min 

equilibration, rings were contracted with 3.2 M KCl two times until the contraction was 

reproducible. Concentration-response curves were then constructed to phenylephrine (PE, 

I 0-9 to 1 o-5 M). To assess endothelial-dependent vasodilation, vessels were precontracted 

with a submaximal concentration of PE (10-6 M) before the serial application of the 

endothelium-dependent agonist, ACh (10-9 to 10-5 M) [109]. 

10. Measurement of ROS 
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Cells were transfected or transducted with cDNAs or adneovirus encoding Nox5 or 

control plasmids (RFP or lacZ) and 24 hours later cells were replated into white 96-well 

plates (Thermo Fisher Scientific) at a density of approximately 5 x 104 cells per well. The 

cells were incubated at 37"C in phenol free DMEM (Sigma) containing 400J.lM of the 

luminal analogue L-012 (Wako) for approximately 10 min prior to the addition of 

agonists [243, 244]. Luminescence was quantified over time using a POLARstar 

OPTIMA (BMG Labtech). The relative light units (RLU) quantified from the 

luminescence of L-012 are reflective of changes in the superoxide produced by Nox 

enzymes [245]. T)le specificity of L-012 for reactive oxygen species was confirmed by 

transfecting cells with a control plasmid such as GFP or lacZ or by co-incubation of a 

superoxide scavenger such as SOD (100U/ml) or Tiron (1rnM). 1n additional 

experiments, lucigenin ( 5J.lM) was employed to corroborate measurements of superoxide 

obtained with L-012. 

Superoxide levels were also measured via the cytochrome c assay. Transfected cells were 

detached and incubated with acetylated cytochrome c (1mg/ml, Sigma) with or without 

PEG-SOD (lOOU/ml, Sigma) in Kreb's buffer at 37"C for 30mins. Cytochrome c 

reduction was calculated using absorbance at 550 nm corrected for background readings 

at 540 and 560 nm. Superoxide levels were calculated from the difference between 

absorbance with or without PEG-SOD as previously described [58, 109]. 

Hydrogen peroxide was measured using the Amplex Red assay with excitation of 530nm 

to 560 nm and emission detection at 590 nm. Cells were incubated at 37"C with 50 11M 

Amplex Red, 0.125 U/ml horseradish peroxidase in phenol-free Dulbecco's modified 
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Eagle's medium (Sigma) for 10 min. Relative fluorescent units were calculated after 

subtraction of control groups (lacZ). 

11. Peroxynitrite (ONOO) Measurement 

The formation of ONOo· was determined by the ONOO--dependent oxidation of 

dihydrorhodamine (DHR) 123 to rhodamine 123 [58, 1 09]. Transfected cells were 

replaced into black tissue culture-treated 96-well plates (Thermo Fisher Scientific) at a 

density of 5 x 104 cells/well. Medium 200 (phenol red-free) was added containing 5 

J.Lmol/L DHR 123. After 60-min incubation at 37°C, the fluorescence of rhodamine 123 

was measured by excitation 485nm, emission 545 nm using a POLARstar reader. Results 

are expressed as % DHR oxidation compared to control transfected cells [32]. 

Nitrotyrosine levels were measured as an index ofONOO- formation by immunoblotting. 

For analysis of total protein nitrotyrosine levels, cells were harvested 48h after 

transfection. Samples were immobilized onto nitrocellulose membranes using a Slot Blot 

apparatus (BioRad). Blocked (5% non-fat milk) membranes were exposed to antibodies 

raised against nitrotyrosine (Calbiochem) with comparison to a positive control generated 

from ONOO--modified BSA (Calbiochem). 

12. Isolated Nox5 Activity Assay 

COS-7 cells expressing NoxS were lysed in a MOPS (30 mM, pH 7.2)-based buffer 

containing KCI (100 mM), Triton X-100 (0.3%), and protease inhibitors (Sigma). 

Adherent cells were rocked gently, and the lysis buffer was aspirated and then washed 
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with phosphate-buffered saline ( 4 °C}. Remaining fractions were resuspended in the 

MOPS buffer with 0.3 mM EGTA to remove residual calcium, sonicated at low power 

and centrifuged at 14,000 rpm (4°C). The supernatant was then aspirated, and the pellet 

was resuspended in MOPS buffer with mild sonication. The cell-free extract was 

aliquoted into buffers containing L-012 (400 J.!M), 1 mM MgC}z, 100 J.!M FAD (Sigma), 

and 1 mM CaC}z. After a brief period of equilibration with or without agonists, reduced 

NADPH (Sigma) was injected to a final concentration of 200 J.!M, and the production of 

reactive oxygen species was monitored over time as described previously [208, 215]. 

13. Calcium Measurements 

Intracellular calcium was measured in COS-7 cells by using Fluo-4NW as described 

previously [208]. COS-7 cells were plated at 5 x 104 cells/well in a 96-well black 

microplate. Growth medium was removed from the cells and replaced with dye loading 

solution following 30 minutes incubation at 37° according to manufacture's instructions 

(Invitrogen). Fluorescence was measured with a PolarSTAR Galaxy plate reader with 

excitation at 494 nm and emission at 516 nm. Calcium levels were calculated after the 

addition of ionomycin (1 J.!M) and subtraction of basal fluorescence. · 

14. MS Analysis: 

To identify sites of S-nitrosylation, the biotin switch assay was performed as described 

above on 2.5mg of cell lysate from Nox5-HA-expressing HEK cells treated 250J.!M 

CysNO for 30 min. Total Nox5 was immunoprecipitated with anti-HA-agarose (santa 

crutz), washed, resin-bound protein was trypsinized over night using 5 J.lg of sequencing-
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grade trypsin (Promega) at 37 °C. Trypsin was inactivated by addition of 1 mM AEBSF, 

and biotiny1ated peptides of Nox5 were precipitated with streptavidin-agarose (Sigma), 

washed with 4x with 50mM ammonium bicarbonate. Biotinylated peptides were eluted 

with 10 mM DTT at 37 oc for 30 min and eluents were a1ky1ated with 20 mM 

iodoacetamide for 30 min at room temp in the dark. Samples were evaporated to dryness 

and resuspended in 12 ~I of water containing 2% acetonitrile and 1% trifluoroacetic acid. 

Peptide digests were analyzed using a nanoAcquity UPLC system coupled to a Synapt 

G2 HDMS mass spectrometer (Waters). 5 ~I of reconstituted peptide was trapped on a 20 

~m x ISO mm Symmetry CIS column (Waters) at 10 ~Vmin for 5 minutes in water 

containing 0.1% FA, and further separated on a 75 ~m x 250 mm column with 1. 7 ~m 

CIS BEH particles (Waters) using a gradient of5 to 40% ACN/0.1% FA over 60 min at a 

flow rate of 0.3 ~!/min and a column temp of 45 °C. Samples were analyzed sensitivity 

mode by data-dependent acquisition using a 0.6 s precursor scan and allowing for 

MS/MS scans of the top three. ions per precursor scan. Raw data was processed using 

Mascot Distiller and submitted for Mascot search (Matrix Science) against the Swissprot 

human database containing a reverse decoy database. Mascot search parameters were I 0 

ppm precursor and 0.04 Da product ion tolerance, with fixed carbidomethyl (C) and 

variable oxidized (M) and deamidation (NQ). Data was visualized using Scaffold 3 

(Proteome Software). 

15. Biotin Switch Assay 

S-nitrosylated Nox5 was detected by using the biotin-switch assay [221] with some 

modifications. In brief, 4Sh after transfection, cells were washed 2 times with cold PBS, 
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and lysates prepared by incubation with HEN buffer containing 250 mM HEPES, I mM 

EDTA, 0.1 mM neocuproine [pH 7. 7], SDS (2.5% final concentration) and methyl 

methanethiosulfonate (Sigma-Aldrich) at 50°C for 20 min. Proteins were precipitated 

with acetone, washed three times with 70% acetone, and mixed with 0.2 mM biotin

HPDP [220] with or without 50mM ascorbate at ambient temperature for lh. Biotinylated 

proteins were purified by using streptavidin-agarose beads (Sigma-Aldrich), separated by 

SDS-P AGE, and immunoblotted with anti-HA antibody. Alternatively biotinylated 

proteins were detected by non-reducing Western blot using anti-biotin antibody. 

16. Statistical Analysis 

Data are expressed as means± S.E.M. All statistical analyses were performed using Instat 

software and comparisons were made using a two-tailed student's t-test or ANOV A with 

a post-hoc test where appropriate. Differences are considered significant at p-value<0.05. 
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RESULTS 

Specific Aiml: To determine whether the local production of NO in endothelial cells 

differentially regulates the secretion of vWF through corresponding changes in the 

nitrosylation ofNSF. 

1. Plasma membrane (PM)-endothelial nitric oxide synthase (eNOS) generates more 

biologically active nitric oxide (NO) than a Golgi-targeted eNOS. 

To determine the importance of eNOS subcellular localization to endothelium-dependent 

relaxation in isolated blood vessels, the aortic endothelium of eNOS knockout mice was 

transduced via intraluminal delivery of Golgi (S 17) or PM (CAAX) eNOS adenoviruses, 

and vessels were incubated at 37°C overnight before analysis of vasomotor function. 

Aortic rings were precontracted with a submaximal concentration of PE (I o-6 M), and 

endothelium-dependent relaxation was initiated with Ach (10-9 to 10-s M). As shown in 

Figure lA, PM-targeted eNOS generated greater ACh-induced relaxations compared with 

Golgi eNOS (ECso 2.63 X 10-8 vs. 3.1 X 10-7) and a greater maximum relaxation (52± 

4% vs. 33 ± 8%). The ability to generate greater endothelium-dependent relaxations 

occurred with PM eNOS despite comparable to slightly reduced levels of expression 

(Figure lA, inset). 
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Figure 1. PM or Golgi eNOS elicits dif&rent effects on Ach-induced endothelium-

dependent relaxation in transduced aortic rings. 

Endothelium of eNOS knockout mice was transduced via luminal delivery of adenovirus 

encoding Golgi (S 17) or PM (CAAX) eNOS. Aortic rings were precontracted with 

phenylephrine (PE, 10-6 M) followed by a dose-response curve to Ach (1 o-9 to 10-5 M). 

Data are presented as the percentage of PE-induced tone (% relaxation) (n = 5 

experiments). Inset, the relative expression of eNOS protein was determined via Western 

blot. Heat shock protein (hsp) 90 was used as a loading control. * P < 0.05 for S 17 vs. 

CAAX. 
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Figure 2. Plasma membrane (PM)-endothelial nitric oxide synthase (eNOS) generates 

more biologically active nitric oxide (NO) than Golgi-targeted eNOS. 

eNOS "knockdown" human aortic endothelial cells (HAECs) were transduced with PM 

(CAAX) or Golgi (S 17) eNOS adenovirus, and 36 h posttransduction were combined 

with HA VSMCs in a co culture bioassay in the presence and absence of ~-nitro-!-

arginine methyl ester (I-NAME, I mM). cGMP content was measured using a cGMP 

specific enzyme immunoassay (EIA). Data were presented as means± SE (n = 4). P < 

0.05 vs. the control(*) and vs. Golgi (+). 
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2. PM eNOS is more effective at inhibiting Von Willcbrand factor (vWF) secretion 

vs. Golgi eNOS. 

We next investigated the role of PM and Golgi eNOS in the NO-dependent, but cGMP-

independent, secretion ofvWF. Knockdown HAECs were transduced with adenoviruses 

encoding Golgi (S 17) and PM (CAAX) eNOS or ~-gal control (MOl of 1 00), 36 h 

posttransduction, vWF was measured in the medium using ELISA, and the relative 

expression of eNOS and heat shock protein (hsp) 90 were determined via Western blot. 

eNOS expression was absent from eNOS kuockdown HAECs transduced with the control 

(~-gal) adenovirus, whereas the level of eNOS (with overall protein loading controlled 

for by hsp90) was consistent between Golgi and PM eNOS (Figure 3A, bottom). vWF 

-
production was greatly attenuated in HAECs expressing PM eNOS compared with cells 

expressing Golgi-restricted eNOS (Figure 3B), which was coincident with enhanced NO 

production caused by expression of PM eNOS relative to Golgi eNOS (Figure 3C). These 

data suggest that eNOS at the PM more effectively inhibits vWF production than when 

localized at the Golgi, which may be a consequence of increased NO production at the 

PM. 
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Figure 3. PM eNOS is more effective at inhibiting Von Willebrand tactor (vWFI secretion 

vs. Golgi eNOS. 
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Knockdown HAECs were transduced with adenoviruses encoding Golgi (S 17) and PM 

(CAAX) eNOS or P-gal control [multiplicity of infection (MOl) of 1 00]. A) 36 h 

posttransduction, vWF levels were measured in culture medium via enzyme-linked 

immunosorbent assay (ELISA), and the relative expression of eNOS and hsp90 was 

determined via Western blot (bottom). B) Basal (unstimulated) NO release was measured 

by NO-specific chemiluminescence .. Data are presented as means± SE (n = 4). P < 0.05 

vs. p-gi!l control (*) and vs. Golgi (+ ). C) Densitometric analysis of NO released from 

eNOS knockdown HAECs expressing Golgi (S17) or PM (CAAX). Data are presented as 

means± SE (n = 6). +P < 0.05 vs. Golgi. 
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3. The amount of NO produced is more important for the biological effects of NO 

than the location of its synthesis. 

eNOS knockdown HAECs were transduced with calcium/calmodulin (CaM)-insensitive 

eNOS constructs targeted to the Golgi (MS/~14 S17) or PM (MS/~14 CAAX) as well 

as ~-gal control. To determine if the effects of NO on vWF secretion were dependent on 

the location of synthesis or the amount, we next expressed calcium-insensitive forms of 

eNOS that produce equal amounts of NO regardless of their intracellular location in 

eNOS knockdown HAEC [221]. These constructs are derived from the deletion of two 

key autoinhibitory domains of 45 and 14 amino acids in length and thus are labeled 

~45/~14 eNOS [183, 246]. As shown in Figure 3A, 36 h posttransduction there was no 

difference between Golgi and PM-targeted eNOS in their ability to inhibit vWF secretion. 

The expression levels of Golgi and PM ~45/ ~ 14 eNOS and hsp90 loading control were 

equivalent (Figure 4A, bottom). To confirm that these constructs produce equivalent 

amounts of NO, we measured NO release from reconstituted HAEC using 

chemiluminescence. As shown in Figure 4B, there was no difference in the NO released 

from HAEC-expressing PM eNOS vs. Golgi eNOS. Because this assay measures 

metabolites of NO and is an index of overall NOS activity, we next determined the ability 

of Golgi- and PM-restricted calcium-insensitive eNOS to deliver biologically active NO 

to adjacent cells. As shown in Figure 4C, the ability ofGolgi and PM ~45/~14 eNOS to 

elevate cGMP in HA VSMC was similar. 
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Figure 4. Amount o(NO produced is more important tor the biological effects o(NO than 

the location ofits synthesis. 

eNOS knockdown HAECs were transduced with calcium/calmodulin (CaM)-insensitive 

eNOS constructs targeted to the Golgi (M5/L114 S17) or PM (M5/L114 CAAX) as well 
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as ~-gal control. A) 36 h posttransduction, vWF was measured in the medium via ELISA, 

and the relative expressions of eNOS and hsp90 were determined via Western blot 

(bottom). B) 36 h posttransduction, basal NO release was measured by NO-specific 

chemiluminescence. Data are presented as means± SE (n = 4). * P < 0.05 vs. the ~-gal 

control. C) eNOS knockdown HAECs were grown on cover slips and transduced with 

Golgi- and PM-targeted calcium/calmodulin-independent (MS/~14) eNOS. 

Posttransfection (36 h), the cover slips were placed over the top of confluent HA VSMCs 

in the presence or absence ofl-NAME (1 mM). cGMP levels in the reporter cells were 

quantified via EIA. Data were presented as means± SE (n = 4). * P < 0.05 vs. the control. 
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To determine No-dependent suppression ofvWF secretion is independent ofsGC, ODQ 

was added. The ability of S 17 and CAAX eNOS to repress vWF secretion was not due to 

effects on the sGC/cGMP signaling pathway, since the sGC inhibitor ODQ did not 

modify this. ability (Figure 5A) or influence NO release (Figure 5B). 
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Figure 5. PM and Golgi eNOS-dependent suppression o(vWF secretion is independent o( 

A) eNOS knockdown HAECs were transduced with adenoviruses encoding Golgi (Sl7) 

and PM (CAAX) eNOS or ~-gal control. Cells were then incubated with or without the 

sGC inhibitor ODQ (5 j.tM). Posttransduction (36 h), vWF was measured in culture 

medium using a vWF specific ELISA, and the relative expressions of eNOS and hsp90 

were determined via Western blot (bottom). Data are presented as means± SE (n = 4). *P 

< 0.05 vs. the ~-gal control. B) Basal NO release 36 h posttransduction was measured by 

NO-specific chemiluminescence. Data are presented as means± SE (n = 6). 
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4. ·pM eNOS induces greater S-nitrosylation of N-ethylmaleimide sensitive factor 

(NSF) vs. Golgi eNOS 

To address whether the ability of PM eNOS to elicit greater inhibition of vWF secretion 

was due to its ability to nitrosylate NSF, we performed a biotin-switch assay in a 

heterologous expression system in COS-7 cells. COS-7 cells were cotransfected with S 17 

or CAAX eNOS together with NSF. We found that the S-nitrosylation of NSF was 

greater in cells expressing PM vs. Golgi eNOS (Figure 6, top) relative to the level of total 

NSF (Figure 6, bottom). 
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Figure 6. PM eNOS induces greater S-nitrosylation of N-ethylmaleimide sensitive 

(actor !NSF) vs. Golgi eNOS. 

A) COS-7 cells were cotransfected with cDNAs encoding Golgi (S 17) or PM (CAAX) 

eNOS together with HA-NSF. Posttransfection (36 h), cells were stimulated with 

ionomycin (I J.!M) for I 0 min, and S-nitrosylated proteins were detected using the biotin-

switch assay (top) followed by immunoblotting for total precipitated NSF (bottom). B) 

densitometric analysis of NSF nitrosylation vs. total NSF. Data are presented as means± 

SE (n = 4). * P < 0.05 vs. the Golgi eNOS. 
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Specific Aim2: To determine whether eNOS residing m different intracellular 

compartments affects the activation of the NF-KB pathway 

5. L-NAME had no effect on I CAM expression induced by TNF-a 

Our first experimental goal was to determine whether endogenous NO is capable of 

influencing the ability of TNFu to induce expression of Inter-Cellular Adhesion 

Molecule I (ICAM-1) in human aortic endothelial cells (HAECs). HAECs were treated 

with TNFu (1nglml) for 4, 8, 24h, with or without pretreatment with the NOS inhibitor 

L-NAME (lmM). ICAM-1 expression was robustly induced and upregulated at all time 

points in a time-dependent manner. As shown in Figure 7 A, L-NAME did not influence 

the level of induction of ICAM-1. We next investigated where NO influences the 

induction ofiCAM-1 to lower concentrations ofTNFu and similar effects ofL-NAME 

were observed (Figure 7B). We next increased the concentration of L-NAME to 2mM, 

but again found no significant change in the expression ofiCAM-1 in response to TNFu 

(Figure 7C). To exclude the possibility that more stable S-nitrosylation is not reversed 

with short term inhibition of eNOS, we increased the L-NAME pre-treatment time from 

30min to 24h. Despite the longer inhibition of NO synthesis, we did not observe any 

effect on ICAM-1 induction (Figure 7D). Similar results were observed with VCAM-1 

expression (data not shown). 
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Figure 7. Inhibition of endogenous NO synthesis does not influence !CAM expression 

induced by 1NF-a 

A) HAECs were incubated with TNFa (lng/rnl) for 4h, 8h and 24h, in the presence and 

absence ofL-NAME (lrnM, 30rnin pretreatment). Celllysates were irnrnunoblotted using 

an anti-ICAM-1 antibody and GAPDH was used as a loading control. B) HAECs were 

pretreated with L-NAME for 30rnin, and stimulated with different concentrations of 

59 



TNFu (0.5, 0.1, I ng/ml) for 24h. cr HAECs were treated with different concentrations 

ofL-NAME (lmM or 2mM) for 30min, and then exposed to TNFu (lng/ml) for another 

24h. D) HAECs were pre-treated with L-NAME (lmM) for different times (30min or 

24h) prior to exposure to TNFu (lng/ml) for an additional 24h. 
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6. eNOS location does not affect ICAM expression induced by TNF-a. 

We next determined whether the location of eNOS was important in regulating the 

TNFu-dependent induction of adhesion molecules. To do so, we utilized a strategy of 

knocking down endogenous eNOS using a stably delivered shRNA and then re

expressing novel forms of eNOS that contain silent mutations to bypass the siRNA 

knockdown and are specifically targeted to the Golgi (S 17) or plasma membrane 

(CAAX) [183, 220]. As shown in Figure 8 and consistent with our previous findings, we 

did not detect any significant difference in ICAM-1 expression between HAECs 

expressing the Golgi (S17)·or PM (CAAX) eNOS versus a control adenovirus (RFP). 
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Figure 8. eNOS location does not affect !CAM expression induced by TNF-a 

"eNOS knockdown" HAECs were transduced with adenovirus (MOl of 20) encoding 

either RFP (control), S I 7-eNOS (Golgi targeted) or CAAX-eNOS (PM-targeted). 24h 

later, cells were treated with L-NAME (lmM) for 30min, and TNFu (lng/ml) was added 

for an additional 24h. Cell lysates were imrnunoblotted with anti-ICAM-1, anti-eNOS 

and anti-GAPDH antibodies. 
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7. Endogenous NO did not prevent the increase in IKBa phosphorylation in response 

toTNFa. 

NO has been reported to inhibit NF-KB activation via S-nitrosylation and inhibition of 

IKK~ activity and a corresponding reduction in the phosphorylation of its substrate IKBu. 
' 

In HAECs, we found that inhibition of endogenous NO with L-NAME did not prevent 

the increase in IKBu phosphorylation in response to TNFa (Figure 9A, B). 

' 
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Figure 9. Endogenous NO does not prevent the increase in lKBa phosphorylation in 

response to TNFa. 

HAECs were pretreated with L-NAME (lmM) for 30min and stimulated with A) lng 

TNFa or B) 20ng of TNFa for Smin. Cells were lysed and the activation of NF-KB was 

detected by immunoblotting using anti-phosphorylated IkBa and total IkBa antibodies. 
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8. Exogenous NO-donor releases substantially more NO compared with endogenous 

eNOS and inhibits ICAM expression in response to TNF-a 

As endogenous NO failed to inhibit TNFu-induced expression of adhesion molecule 

expression, we next looked at whether exogenous NO could prove more effective 

inhibition. HAECs were treated with vehicle or lmM DETA NONOate for 24h and then 

challenged with TNFu in the presence and absence of L-NAME (lmM). As shown in 

Figure 10, DETA NONOate robustly inhibited TNFu induced expression of VCAM-1 

and also ICAM-1. Consistent with previous results, L-NAME did not have any effect. 
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Figure 10. Exogenous NO-donor inhibits !CAM expression in response to INF-a. 

HAECs were treated with L-NAME (lmM) or DETA NONOate (1mM) for 30min, and 

then TNFa (lnglml) was added for 24h. Activation of NF-KB was detected by anti-

ICAM-1 or anti-VCAM-1 antibodies. GAPDH was used as a loading control. 
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To compare the amount of NO produced from endogenous nitric oxide synthases versus 

that obtained from an exogenous source of NO, we measured NO levels in the media 

using NO-specific chemiluminescence. As shown in Figure 11, we found that 1 OO).LM 

DETA NONOate produced about 3-fold more NO than that produced by iNOS, 5-fold 

higher than a PM-restricted eNOS and 100 fold higher than Golgi restricted eNOS. The 

1 0-fold higher concentrations of NO donor which are necessary to inhibit NF-KB 

signaling in HAECs are thus much greater than that obtained from enzymatic sources. 
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Figure 11. Exogenous NO-donors release substantially more NO compared with 

endogenous eNOS. 

COS-7 cells were transfected by RFP, S17-eNOS, CAAX-eNOS or iNOS, and different 

concentrations (10, 30, 50, lOOJ.!M) of DETA NONOate were incubated with cell 

transfected with RFP over 24h. NO release was measured by chemiluminescent detection 

ofN02-. Results are presented as mean± S.E. (n = 6 * p<O.OS versus RFP control). 
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To further determine the underlying mechanism of NO inhibition of adhesion molecules, 

we next monitored the activation of NF-KB by multiple approaches. NO has been 

reported to inhibit NF-KB activation via the S-nitrosylation and inhibition of IKKP 

activity and a corresponding reduction in the phosphorylation of its substrate IKBa. In 

HAECs, we found that inhibition of endogenous NO with L-NAME did not prevent the 

increase in lKBa phosphorylation in response to TNFa (Figure 12A). Activation ofNFKB 

by TNFa was confirmed by an increase in phosphorylated IKBa and the degradation of 

total IKBa (Figure 12A). To further determine if higher amounts of NO, as generated by 

DETA NONOate, can inhibit ICAM-1NCAM-1 expresssion through the S-nitrosylation 

of IKKP [182] or p65 [181] as previously reported, we treated HAEC cells with L

NAME(1mM) or DETA NONOate (1mM) for 6hr and the S-nitrosylation of both 

proteins was detected using the biotin switch assay. Endogenous NO, inhibited with L

NAME, did not alter the S-nitrosylation level of IKKP or p65, while DETA NONOate 

significantly increased the nitrosylation of both proteins (Figure 12B, C). 
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Figure 12. Endogenous NO does not modifY NFkB activation and high NO levels are 

needed fOr S-nitrosylation 

HAECs were pretreated with L-NAME (hnM) for 30min and stimulated with (A) lng 

TNFu for 30min. Cells were lysed and the activation of NF-KB was detected by 

immunoblotting using anti-phosphorylated IkBu and total IkBu antibodies. (B-C) HAECs 

were treated with L-NAME (lmM) or DETA NONOate (lmM) for 6hr, and cells were 

lysed for biotin switch assay, biotin labeled samples were immunoblotted with anti-p65 

and anti-IKKf3 antibodies. 
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Specific Aim3: To determine whether the location of eNOS is important in the regulation 

ofNADPH oxidase5 (Nox5) activity by NO and to identifY the mechanisms involved. 

9. Endogenous NO suppresses basal and stimulated Nox5 activity. 

To investigate whether NO can influence Nox5 activity, we co-expressed iNOS with 

Nox5. We employed iN OS because it produces relatively large amounts of NO within the 

cell, yet much smaller and more biologically relevant amounts than the typical 

concentration of NO donor used. In COS-7 cells that were co-transfected with Nox5 and 

iNOS, there was substantially less superoxide produced in response to the calcium 

ionophore, ionomycin compared to that produced from cells expressing Nox5 and a 

control plasmid, RFP (Figure 13A, B). Maximal superoxide production is shown in panel 

A and the levels of superoxide over time are shown in B. In addition to ionomycin, PMA 

is known to stimulate Nox5 activity by increasing its phosphorylation through the 

activation of PKC pathways [109], but in these cells PMA does not modifY the level of 

intracellular calcium [208]. There was dramatically less superoxide produced in cells 

expressing both Nox5 and iNOS in response to PMA compared to Nox5 co-transfected 

with a control plasmid (Figure 13C, D). In addition to stimulated production of 

superoxide, basal or unstimulated levels of superoxide were also lower in cells expressing 

both Nox5 and iN OS (Figure 13A-D). Importantly, the co-expression of iN OS did not 

modifY the expression level of Nox5 as detected by either immunoblotting for the HA 

epitope tag (Figure 13E, upper panel) or using a polyclonal anti-Nox5 antibody (middle 

panel), relative to the level of GAPDH (lower panel). As there was no significant change 
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in the expression of NoxS, these results suggest that the reduced activity of NoxS is 

occurring due to a NO-dependent post-translational mechanism. 
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Figure 13. Endogenous NO suppresses basal and stimulated Nox5 activity. 

COS-7 cells were co-transfected with Nox5 and either iN OS or RFP (control) and 

stimulated with (A-B) ionomycin (lf.!M) or (C-D) PMA (lOOnM). Production of 

superoxide was determined via chemiluminescence and expressed as % of control (means 
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± S.E., n =6 * p<0.05 versus RFP, # p<0.05 versus ionomycin or PMA). Maximal 

superoxide is shown in the bar graph (left) and superoxide recorded over time in the line 

graph (right). E) Expression of Nox5 was detected by Western blot with anti-HA and 

total Nox5 polyclonal antibody, iN OS was detected by anti-iNOS antibody. GAPDH was 

used as loading control. 
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To address whether L-012 is specifically measuring superoxide, SOD (lOOU/ml) or Tiron 

(lmM) were added to cells co-expressing Nox5 and RFP or Nox5 and iN OS [208]. The 

levels of superoxide detected with L-012 were abolished by the presence of the 

superoxide scavengers (Figure 14). The complete loss of L-012 signal in the presence of 

SOD suggests that it does not detect hydrogen peroxide which is also a significant 

product ofNox5 [247]. Indeed, using amplex red to selectively detect hydrogen peroxide, 

we observed a significant increase in hydrogen peroxide levels in the presence of SOD 

that was not detected with L-012 (Figure 14). The specificity of L-012 for superoxide 

[221] is further supported by previous reports showing that Nox4, which emits only 

hydrogen peroxide, does not increase L-012 chemiluminescence [220, 247]. These data 

suggest that 1012 is a reliable tool for the specific measurement of superoxide under 

these conditions [248]. Lucigenin was also employed to measure superoxide. Although 

results with lucigenin can be complicated by the potential for redox cycling, at low 

concentrations it is considered a reliable and sensitive method for the measurement of 

superoxide [249]. As detected by lucigenin (5JlM), Nox5 activity was reduced by the co

expression of iNOS (Figure 15A). Superoxide was also detected from Nox5 by 

measuring the reduction of cytochrome c to ferrocytochrome c (Fe2+) [26, 85, 88, 250]. 

Cytochrome c reduction was significantly decreased in cells exposed to NO (Figure 15B). 

Nox5 also produces hydrogen peroxide (HzOz) and the measurement ofHzOzlevels using 

the Arnplex Red assay also revealed a significant decrease in H20 2 production in the 

presence of iN OS (Figure 16). 
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Firrnre 14. Nox5 derived superoxide was reduced by endogenous NO 

48hr after transfection in COS-7 cells with Nox5 and iN OS or RFP (control), SOD 

(IOOU/ml) or Tiron (lmM) were added to the cells. Superoxide was measured by 

chemiluminescence and expressed as % of control (means ± S.E., n =6 * p<0.05 versus 

Nox5+RFP, #, + p<0.05 versus non-treament group). 

76 



A 
Lucigenin 

B 
Cytochrome C 

120 80 
c: 

1::: ~ 0 100 

'B Qi 
80 0 

::I c- (!) 
"CE! BO < 

~- 0 
c..§ ~ -Q) 0 60 ~ ~0 "C.._ 

E ·x o 
~* .s 
Q)~ 40 ~ c. ·;:c 20 ::I e CIJ 20 8. 

:::J 
C/) 

0 0 
~<I. o"-' DETA NONOate + r-:.~ ~# (1mM) 

~o"'l. ~o"'l 

Figure 15. Inhibition o(Nox5 by NO was detected by lucigenin based chemilumilecense 

or cytochrome c reduction assay. 

A) Nox5 co-transfected with RFP or iN OS in COS-7 cells, 48hr after transfection, cells 

were lysised and lucigenin (5!!M) was used to measure superoxide production. B) COS-7 

cells were transfected Nox5, 36hrs after transefection, cells were treated with DETA 

NONOate (lmM) for lhr, and cells were detached and incubated with cytochrome C 

{lmg/ml) soluction with or without SOD in Kreb's buffer for 30mins, absorbance were 

measured at 540nm, 550nm and 560nm. 
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Figure 16. H z0 was inhibited by iN OS in Nox5 virus transducted cells. 

A) COS-7 cells were co-transducted with Nox5, 24hrs after transefection, cells were 

plated in 96 well black plates, 48hr after transfection, Amp lex Red with HRP was added 

to incubate for 30min and fluorescence was detected. B) Superoxide was measured from 

the same cells. 
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10. Inhibition of Nox5 is proportional to the amount of NO and is reversed by 

persistent, but not acute inhibition of NO production. 

To determine whether the amount of NO produced is important for the inhibition ofNoxS 

activity, COS-7 cells were co-transfected with either iNOS, eNOS or a calcium 

insensitive form of eNOS (CI-eNOS) [29, 33, 87, 251]. As shown in Figure 17 A, NoxS 

activity was significantly reduced by all three forms of nitric oxide synthase (NOS) with 

iN OS being the most potent followed by CI-eNOS and wt eNOS. The degree of NoxS 

inhibition was proportional to the amount of NO produced by each NOS with greater NO 

production causing the most inhibition (Figure 17 A, B). Golgi (S 17) and plasma 

membrance (CAAX) targeted eNOS was further co-transfected with Nox5. Consistent 

with previous results, NoxS was dose-dependently inhibited according to the NO amounts 

from different localized eNOS (Figure 17C). 
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Figure 17. Inhibition o(Nox5 by endogenous NO is proportional to the amount o(NO 

A) COS-7 cells were co-transfected with Nox5 and either iNOS, eNOS or a calcium-

insensitive eNOS (CI-eNOS) and superoxide was measured by L-012 

chemiluminescence. B) NO release was measured by chemiluminescent detection of 

N02•• Results are presented as mean± S.E. (n = 6 * p<0.05 versus RFP control). C) 

COS-7 cells were co-transfected with Nox5 and either iNOS, CAAX or Sl7 eNOS and 

superoxide was measured by L-012 chemiluminescence 48hr after transfection. 
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To exclude a non-specific interaction between a NOS enzyme and Nox5, we first 

expressed iNOS and Nox5 in separate cells and then detached and combined them 

together and 24h later we measured relative superoxide production. As shown in Figure 

18A, we found that despite being formed in separate cells, iNOS-derived NO was able to 

potently reduce Nox5 activity in adjacent cells and these results support the concept that 

NO itself is the crucial determinant of reduced Nox5 activity. Exogenous NO was also an 

effective inhibitor of Nox5 activity. COS-7 cells expressing Nox5 were exposed to the 

NO donor, DETA NONOate (lOO!!M and lmM) for 24h and superoxide production was 

measured. As shown in Figure 18B, consistent with previous results with co-transfected 

NOS, we found that exogenous NO can elicit dose-dependent inhibition ofNox5. 
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Figure 18. Nox5 activitv can be inhibited bv NO (i-om adjacent cells and NO donors 

A) COS-7 cells were transfected separately with iNOS and Nox5, after 24hr, detached, 

combined together and superoxide production measured 24h later. B) COS-7 cells 

expressing Nox5 were exposed to the NO donor, DETA NONOate (IOOj.!M and lmM) 

and 24h later superoxide was measured. Results are expressed as % of control (means ± 

S.E., n =6 * p<O.OS versus Nox5+RFP). 
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Our next goal was to determine whether the decreased levels of superoxide measured 

from cells expressing Nox5 and iNOS was due to an actual reduction in superoxide 

production or simply a reduction in the ability to accurately measure superoxide levels 

i.e. a competition between the binding of superoxide:NO and superoxide:LOI2. COS-7 

cells were co-transfected with Nox5 and either iN OS or RFP (control) and 30min prior to 

measuring superoxide, iNOS activity was abrogated with the NOS-inhibitor, L-NAME. 

As shown in Figure 19A, the acute (30min) inhibition of iNOS with L-NAME was not 

able to reverse the reduced activity of Nox5. To assess whether more chronic inhibition 

of iN OS is able to reverse or negate inhibition of Nox5 we co-transfected Nox5 with 

iN OS and added L-NAME to select wells 24h prior to measurement of superoxide. As 

shown in Figure 19B, longer term inhibition of iN OS was able to reverse the inhibition of 

Nox5 activity. At the concentration employed, L-NAME efficiently inhibited NO 

production from iN OS (Figure 20). 
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Figure 19. Inhibition o(Nox5 is proportional to the amount o[NO and is reversed by 

persistent. but not acute inhibition o(NO production. 

A) COS-7 cell were co-transfected with NoxS and either iNOS or RFP (control). 48h 

after transfection, cells were treated with L-NAME (lmM) for 30min and superoxide 

measured. B) L-NAME was added for 24h following transfection, superoxide was 

measured 48hr after transfection. Results are expressed as % of control (means ± S.E., n 

=6 * p<O.OS versus NoxS+RFP, # p<O.OS versus NoxS+iNOS). 
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Figure 20. iN OS activity is etficientlv inhibited bv L-NAME 

COS-7 cells were co-transfected by Nox5 with RFP or iN OS, after 48h, cells were treated 

with L-NAME (lmM) for 30min, NO release was measured by chemiluminescence. 

Results are presented as mean± S.E. (means± S.E., n =6 * p<0.05 versus no L-NAME). 
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To determine ifL012 can detect reactive nitrogen species (NO or ONOO) produced from 

iNOS, L012-chemiluminescence in cells expressing iNOS alone was examined in the 

presence and absence of the NOS inhibitor L-NAME (lmM). There is no change in 

L012-mediated chemiluminescence in cells expressing iNOS versus a control plasmid 

(Figure 21A). 

To exclude a non-specific effect of L-NAME in the absence of iN OS, cells expressing 

NoxS were treated with or without L-NAME and superoxide levels measured. L-NAME 

did not have a significant effect on superoxide levels (Figur 21B). 
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Figure 21. Neither iNOS nor L-NAME directly influence the ability to measure 

superoxide. 

A) Superoxide release in COS-7 cells expressing RFP, NoxS or iN OS in the presence and 

absence of L-NAME (lrnM) was measured 24h later by L012 based chemilumilescense. 

(means± S.E., n =6 * p<O.OS versus RFP) B) L-NAME (lmM) was added to COS-7 

transfected with NoxS alone and superoxide was measured after 24hr incubation. Data is 

expressed as % of control (means± S.E., n =6). 
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11. NO reduces Nox5 enzyme activity in a cell-free activity assay but does not reduce 

intracellular calcium levels. 

We next investigated whether iNOS-derived NO can directly modify the enzymatic 

activity of Nox5 in a partially purified enzyme activity assay. COS-7 cells were co

transfected with NoxS and iN OS or NoxS and RFP (control). Post transfection, cells were 

lysed with a low concentration of detergent, the cytosol removed via centrifugation and 

cell-free Nox activity was measured in the presence of CaCh (lmM), FAD (lOOJ.LM) and 

NADPH (200J.LM) via L-012 chemiluminescence. As shown in Figure 22A, the addition 

of reduced NAPDH initiated robust superoxide production from extracts of cells 

containing NoxS. 1n cells co-expressing iNOS and NoxS there was significantly less 

superoxide produced despite surplus levels of calcium, FAD and NADPH. Similar to our 

observation in cells, the reduction in enzymatic activity occurred without a change in the 

relative expression of NoxS (Figure 22B). As Nox5 activity has an absolute requirement 

for calcium [250], we also measured the level of intracellular calcium in transfected 

COS-7 cells. As shown in Figure 22C, there was no reduction in intracellular calcium in 

the presence of iN OS and these results further suggest a direct effect of NO on Nox5 

activity rather than other pathways. 
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Figure 22. NO reduces Nox5 enzvme activity in a cell-tree activity assay and does not 

reduce intracellular calcium levels. 

A) COS-7 were co-transfected with Nox5 and either iNOS or RFP (control). Cells were 

lysed and cell-free activity of Nox5 was measured in the presence of CaC12 (hnM), 

NADPH (200f.lM) and FAD (lOOf.lM). Superoxide levels were determined via 

chemiluminescence and expressed as % of control (means ± S.E., n =6 * p<O.OS versus 

RFP). B) Expression of Nox5 was determined by Western blot with anti-HA and 

GAPDH was used as loading control. C) Intracellular Ca2+ was measured after addition 

of ionomycin (lf.lM) in transfected COS-7 cells using the Fluo-4 NW. Results are 

presented as mean± S.E. (n = 8 * p<O.OS versus RFP). 
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12. Endogenously produced NO does not alter the nitration, phosphorylation or 

glutathiolation of NoxS. 

As the reduced activity ofNox5 is most likely due to post-translational modifications, we 

next investigated whether NO alters the tyrosine nitration, phosphorylation or 

glutathiolation of Nox5. COS-7 cells were co-transfected with Nox5 and either iN OS or 

RFP and 48h post-transfection the amount of tyrosine nitration was determined in total 

cell lysates using an anti-nitrotyrosine antibody. As shown in Figure 23A, cells 

expressing both Nox5 and iNOS had higher levels of tyrosine nitration. To assess 

whether Nox5 is tyrosine nitrated, we immunoprecipitated Nox5 from cells co-expressing 

Nox5 and either control protein (RFP) or iN OS and immunoblotted for nitrotyrosine. As 

shown in Figure 23B, we did not observe tyrosine nitration of Nox5 despite robust 

detection of a commercially purchased positive control (nitrated BSA, right lane) and 

total Nox5 (lower panel). Indeed, more direct measurements of ONoo- using DHR 

revealed that cells expressing iNOS produced significantly higher levels of ONOO

compared to cells transfected with Nox5 and a control plasmid (Figure 24A, B). 

Interestingly, there was no significant increase in ONoo- levels in cells expressing both 

iN OS and Nox5 (Figure 24A, B). And changes in the relative expression of iN OS and 

Nox5 revealed levels of ONOO- that were proportional to iN OS expression (Figure 24C). 

To directly demonstrate the effect of ONoo- on Nox5 activity, we directly treat cells 

expressing Nox5 with series concentration of ONoo- and monitor the superoxide 

production from Nox5. ONOO- did not inhibit the Nox5 acitivity (Figure 25). 
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Figure 23. Endogenously produced NO does not increase the nitration o(Nox5. 

A) COS-7 cells were co-transfected with Nox5 and either iNOS or RFP, and 48h post-

transfection, total protein nitration was measured via slot blot and anti-nitrotyrosine 

immunoblotting. B) Nox5 was immunoprecipitated from COS-7 cells co-transfected with 

iNOS or RFP and immunoblotted for nitrotyrosine. Nitrated BSA (bovine serum 

albumin) was used as a positive control for nitrotyrosine. 
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Figure 24. ONOO- is primarily produced by iNOS. 

A, B) COS-7 were transfected by iNOS, Nox5 or Nox5 with iNOS, peroxynitrite 

(ONoo·) was measured by DHR 123 fluorescence in the presence or absence of the 

antioxidant Tiron (lOmM, A) or uric acid (lmM, B) Results are presented as % of 

control (means ± S.E., n =6 * p<0.05 versus RFP). C) Different ratio combination of 

Nox5 and iN OS was co-transefection in COS-7 cells and peroxynitrite (ONOO") was 

measured 48hr after transefection. Results are presented as % of control (means± S.E., n 

=6 * p<0.05 versus iN OS). 
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Figure 25. ONOO- does not inhibit Nox5 produced superoxide. 

• 

500 

HEK cells stably expressing NoxS with or without treatment of ONOO- for 30rnin and 

superoxide was measured by chemilumilescence. Data are presented as % of control ( * 

p<O.OS). 
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We next performed similar experiments to assess whether Nox5 was glutathiolated and 

found no evidence for this modification despite detection of a positive control (Figure 

26A). As phosphorylation is an important post-translational modification that has been 

established to potently regulate Nox5 activity and calcium sensitivity [31, 32, 58], we 

also probed for changes in the phosphorylation of serine 490, threonine 494 and serine 

498. As shown in Figure 26B, the co-expression of iN OS did not modify the baseline or 

PMA-stimulated phosphorylation ofNox5. 
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Figure 26. Endogenously produced NO does not alter the phosphorylation or 

glutathiolation o(Nox5. 

A) COS-7 cells were co-transfected with Nox5 and either iNOS or RFP, and 48h post-

transfection, Nox5 was immunoprecipitated from COS-7 cells co-transfected with iNOS 

or RFP and immunoblotted for glutathione. Oxidized actin from HeLa cell extracts for 

glutathiolated proteins (Virogen) was used as positive control. B) Nox5 was co-

transfected with iN OS or RFP and 48h after transfection, cells were treated with vehicle 

or PMA (IOOnM) for 30mins, and the phosphorylation ofNoxS on S490, T494 and S498 

was detected by phosphorylation state specific antibodies. Total Nox5 expression was 

detected using anti-HA antibody. 
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13. iN OS increases the S-nitrosylation of Nox5. 

To investigate the possibility of NoxS S-nitrosylation, the biotin switch assay was 

performed on NoxS-transfected COS-7 cells which co-expressed iNOS or were treated 

with CysNO. Briefly, after cell lysis, free thiol groups were blocked, and S-NO bonds 

were denitrosated with ascorbate and labeled with thiol-reactive biotin-HPDP [244]. 

Transfection of iNOS increased NoxS S-nitrosylation versus control, as assessed by 

precipitation of biotinylated proteins with streptavidin-agarose followed by Western 

blotting (Figure 27 A). In cells co-expressing NoxS and iN OS, there was evidence for 

significantly more S-nitrosylation of NoxS versus control transfected cells (Figure 27 A, 

upper panel versus total NoxS in the lower panel). The cell-permeable transnitrosylating 

agent CysNO also affected NoxS S-nitrosylation versus control, and assay specificity was 

confirmed by ascorbate-dependent pulldown ofNoxS (Figure 27 A). 

NoxS~ contains 15 cysteine residues, 9 of which are predicted to be localized to the 

intracellular domains ofNoxS. To determine the sites ofS-nitrosylation, NoxS-expressing 

COS-7 cells were treated with vehicle or CysNO and lysates subjected to the biotin 

switch assay followed by the immunoprecipitation of NoxS. Western blot analysis of a 

fraction of the precipitated immune complexes confirmed an increase in biotin 

incorporation into NoxS following CysNO treatment (Figure 27B). The identities of the 

other proteins in the anti-biotin Western blot are not known, but their presence is likely 

due to a combination of factors including other proteins co-precipitating, the non

reducing conditions of the Western blot that are necessary to observe incorporated biotin 

and specificity of the anti-biotin antibody. The remaining NoxS-bound immune 
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complexes were digested on-resin with trypsin, and the preservation of biotin in the 

released peptide fragments was confirmed by dot blot analysis (Figure 28A). The free 

biotinylated peptides were further precipitated with streptavidin-agarose and eluted by 

reduction of the Cys-S-S-biotin disulfide. After alkylation with iodoacetamide, peptides 

were sequenced by lD-LC-MS/MS. Four Nox5 peptides were identified from CysNO

treated cells, including four Cys-containing peptides, demonstrating a high degree of 

assay specificity (Figure 28A). Of these cysteine residues, 3 (C107, C519, C694) are 

located within the functional cytoplasmic regions of Nox5 (Figure 28B). Additional 

spectra for the other peptides are shown in Figure 29. 
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Figure 27. iNOS increases the S-nitrosylation o(Nox5. 
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A) COS-7 cells were transfected with NoxS and either control (RFP) or iNOS. 48h post-

transfection, cells were either not treated or treated with CysNO and the S-nitrosylation 

of NoxS determined via the biotin switch assay in the presence and absence of asorbate. 

Biotinylated proteins were concentrated by streptavidin-agarose and immunoblotted for 

HA (SNO-NoxS, upper panel) versus immunoblotting for HA in total cell lysates (total 

NoxS, lower panel). B) COS-7 cells expressing NoxS were exposed to CysNO, lysed, the 

biotin switch assay performed and NoxS immunoprecipitated via the HA-tag. Immune 

complexes were immunoblotted with anti-biotin antibody (upper panel) and then 

reprobed for total NoxS (HA, lower panel) under non-reducing conditions. 
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Figure 28. MSIMS identification of sites ofS-nitrosvlation on Nox5 

A) MS/MS spectrum of Cys694-carbidomethylated tryptic peptide isolated from HA-

NoxS expressing COS-7 after CysNO treatment (see Methods). The b-andy-series ions 

are in red and blue, respectively.) Summary of Cys-containing NoxS peptides identified 

from CysNO-treated COS-7 following biotin switch assay and LC-MS/MS analysis, 

including mass and error of parent ion, and Mascot ion score. Asterix indicates the site of 

carbidomethylation. B) Geographical illustration of the sites of NoxS S-nitrosylation. 
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Figure 29. MSIMS spectra ofNox5 Cys peptides. 

Cys-carbidomethylated peptides were isolated from CysNO-treated cells overexpressing 

HA-Nox5 as described in Methods. A) C(l07)LTWLR, 424.73 rnlz, +2 charge; B) 

C(246)YIDGPYGTP'IR, 1,398.62 rnlz, +2 charge; C) TVLQSC(519)LR, 975.52 rnlz, +2 

charge; D) VQFFC(694)GSPALAK, 1422.74, +2 charge. Shown are Y-series ions (blue), 

b-series ions (red), a-series ions (green) and unidentified ions (black). 

100 



Three of these putative SNO-sites sites were selected for further analysis. Mutation of 

each of these Cys residues resulted in a reduction of Nox5 activity (Figure 30). The 

C1 07S mutant exhibited a substantial reduction in Nox5 activity. Despite the reduced 

activity, ROS production remained sensitive to inhibition by iNOS, suggesting that 

additional sites of S-nitrosylation may also be of importance in the NO-dependent 

regulation of Nox5 activity. However, mutation of C519 or C694 almost completely 

abolished Nox5 activity, and iN OS had no additional effect on activity of these mutants 

(Figure 30). C694 is predicted to reside in the NADPH-binding domain ofNox5, and the 

S-nitrosylation of Nox5 in the presence of iN OS was abolished by mutation of this site 

(Figure 31 ). Thus, while CysNO may S-nitrosylate at least four cyteine residues on Nox5, 

iN OS appears to inhibit Nox5 primarily via S-nitrosylation of the catalytically essential 

C694. 
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Figure 30. Effect o(CJ07S. C519S and C694S on Nox5 activity 

Relative production of superoxide from Nox5 WT, Cl07S, C519S and C694S in the 

presence and absence of iN OS was detected 48 hr after transfection. Results are presented 

as % of control (means ± S.E., n =6 * p<O.OS versus RFP). Nox5 expression was 

monitored by anti-HA antibody, GAPDH was a loading control. 
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Figure 31. C694 is important fOr Nox5 activity and a major site o(S-nitrosylation 

The S-nitrosylation of Nox5 WT and C694S was detected via the biotin switch assay. 

Biotinylated proteins were concentrated by streptavidin-agarose and immunoblotted for 

HA (SNO-Nox5, upper panel) versus HA in total cell lysates (total Nox5, lower panel). 

The relative densitometry of SNO: total HA is shown as a % of the maximum (means ± 

S.E., n =3 * p<0.05). 
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14. NO-inhibition of Nox5 is reversible and is prevented by the denitrosylases Trxl 

andGSNOR. 

As S-nitrosylation is a reversible modification, the next experiments investigated the 

timing of the reversibility of NO-dependent inhibition ofNox5. In cells expressing NoxS, 

the NO donor DETA NONOate was applied and Nox5 activity was measured over time 

as shown in Figure 32. One minute after exposure to the NO donor, the activity ofNoxS 

was reduced by approximately 40%. Maximal inhibition was seen at lh (85%) and the 

activity of N ox5 then proceeded to recover over a period of several hours. Several 

enzymes have been shown to facilitate the de-nitrosylation of S-nitrosothiols, in 

particular thioredoxin (Trxl) and GSNO reductase (GSNOR). In cells expressing both 

Nox5 and iN OS, the addition ofTrxl negated the ability of iN OS to reduce Nox5 activity 

(Figure 33A). The addition of GSNOR blunted, but did not prevent, the iN OS mediated 

reduction in NoxS activity in COS-7 cells (Figure 33B). We also measured nitric oxide 

production in these cells to ensure that Trxl and GSNOR do not modify iNOS function 

and NO release. As shown in Figure 34, Trxl did not modify iN OS activity. Surprisingly 

however, GSNOR significantly increased iNOS-derived NO. We also investigated 

whether Trxl and GSNOR can influence NoxS activity in the absence of NO. As shown 

in Figure 35A, in cells co-expressing Nox5 and Trxl or Nox5 and GSNOR there was no 

significant difference in superoxide production versus cells expressing Nox5 and a 

control plasmid (RFP). Lastly in a stable cell line expressing Nox5, we co-transfected 

iNOS together with either Trxl or GSNOR. The reduced activity ofNox5 in the presence 

ofiNOS was absent in cells expressing eitherTrxl or GSNOR (Figure 35B). 
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Figure 32. NO-inhibition o(Nox5 is reversible 

COS-7 cells expressing Nox5 were exposed to lrnM DETA NONOate at different time 

point and superoxide production was monitored over time from mins to hours. Data was 

expressed as % of control (means± S.E., n =6 * p<0.05). 
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Figure 33. Trxl and GSNOR reverse the iNOS-dependent inhibition o(Nox5 activity 

COS-7 cells were co-transfected with Nox5, RFP or iNOS with or without the 

denitrosy!ases, A) thioredoxinl (Trxl) or B) GSNO reductase (GSNOR). 48hr after 

transfection, superoxide production was expressed as % of control (means ± S.E., n =6 * 

p<0.05). 
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Figure 34. The activity o(iNOS is not decreased by either Trxl or GSNOR. 

COS? cells were co-transfected by RFP, Trxl or GSONR with iNOS, 48 hrs after 

transfection, NO release was measured by chemiluminescent detection of NOz-. Data is 

expressed as means± S.E. (n =6, * p<0.05). 
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Figure 35. NO-mediated inhibition o( Nox5 is reversible and is prevented by the 

denitrosylases Trxl and GSNOR. 

A) Superoxide release from HEK cells stably expressing Nox5 with or without either 

iNOS, Trxl or GSNOR was measured 48hr after transfection B) HEK cells stably 

expressing Nox5 were co-transfected with iNOS and either control (RFP), Trxl or 

GSNOR, after 48hr, superoxide was measured by chemilumilescence. Data are presented 

as % of control (n = 4-6 * p<O.OS). 
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15. Endogenous NO from HAEC and HASMC inhibits NoxS-dependent superoxide 

production and susceptibility ofNox isoforms to NO. 

To determine the physiological significance of S-nitrosylation of Nox5, we next 

investigated whether endogenous NO, produced in human aortic endothelial cells 

(HAEC, eNOS) or human aortic smooth muscle cells (HASMC) following LPS 

stimulation, can influence Nox5 activity. HAECs were transduced with Nox5 adenovirus 

and cells were treated with L-NAME for 24h and superoxide was measured. In Nox5-

transduced HASMCs, LPS (20Jlg/ml) was used to induce iN OS expression and cells were 

treated with or without L-NAME for 24h. As shown in Figure 36A, inhibition of 

endogenous NO in HAEC with L-NAME significantly potentiates the activity ofNox5. 

Similarly in HA VSMC, Nox5 activity is reduced by LPS treatment and increased by the 

NO synthase inhibitor, L-NAME (Figure 36B). In isolated mouse peritoneal macrophages 

which primarily express Nox2, the addition of LPS reduced superoxide production and 

this was reversed with L-NAME (Figure 37). 
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Figure 36. Endogenous NO from HAEC and HASMC inhibits Nox5-dependent 

superoxide production . 

A) HAECs were transduced with Nox5 adenovirus (MOI of 5) and 24h later treated with 

or without L-NAME (lmM) for an additional 24h and superoxide was measured. B) 

HASMCs were transduced with Nox5 adenovirus (MOI of 5) for 24h and LPS (201-lglml) 

was used to induce iNOS production. Cells were treated with or without L-NAME 

(lmM) for an additional 24h and superoxide was measured by chemiluminescence. Data 

is expressed as % of control (means± S.E., n =6 * p<O.OS) 
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Figure 37. NO production induced by LPS inhibits Nox-dependent superoxide production 

in peritoneal macrophages. 

After pre-treatment with LNAME (hnM), peritoneal macrophages were treated with LPS 

(20J-1g/ml) for 24hrs to induce iNOS expression, and superoxide was measured by L012 

based chemiluminescence. Data is expressed as % of control (means ± S.E., n =4-6 * 

p<0.05) 
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To assess whether NO can inhibit other isoforms of Nox that are expressed in vascular 

tissue, we expressed Noxl, Nox3, Nox4 in COS? cells and stimulated Nox2 activity with 

PMA in HL60 cells, and assessed the relative degree of inhibition of ROS production in 

response to increasing doses of a NO donor. NO significantly reduced the activity ofNox 

1-5 isoforms in a dose-dependent manner (Figure 38). Noxl was the most sensitive Nox 

isoform to NO, closely followed by Nox3 and Nox5 was intermediate followed by Nox2. 

Interestingly, the activity ofNox4 was the most resistant to the inhibitory actions of NO 

exhibiting only 35% inhibition at the highest NO concentration versus I 00% inhibition 

for the other isoforms. 
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Figure 38. Susceptibility of all Nox iso(Orms to NO 

COS-7 cells were transfected with different Nox isoforms; Nox4 and Nox5 were 

transfected alone and Noxl and Nox3 were co-transfected with NoxOI and NoxAl. 

Nox2 activity was stimulated with PMA (IOOnM) in HL60 cells. Cells were exposed to 

the NO donor, DETA NONOate (lmM) for 24h and reactive oxygen species production 

was measured over time and expressed as % of control (means± S.E., n =6). 
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16. Inhibition ofNoxS by NO is not dependent on changes in heme incorporation or 

metabolism to nitrite. 

Recently, GAD PH was shown to mediate the NO-dependent inhibition of iN OS activity 

by altering heme insertion and reducing catalytic activity. As GAPDH is one of the best 

described targets of S-nitrosylation [252], we next investigated whether this pathway also 

contributes to the inhibition ofNox5 via changes in heme insertion. Wild type GAPDH 

or K227A, a heme binding mutant of GAPDH [31] were co-transfected with Nox5 in 

COS-7 cells and superoxide production measured. As shown in Figure 39, co-expression 

of iN OS was able to decrease Nox5 activity, consistent with previous results. However, 

expression of GAPDH or the K227 A mutant did not significantly alter Nox5 activity. The 

S-nitrosylation deficient mutant of GAPDH, C152S also failed to modify Nox5 activity 

(data not shown). We also assessed whether nitrite, a primary metabolite of NO in 

aqueous media [32, 253] could influence Nox5 activity. As shown in Figure 40, 

progressively higher concentrations of nitrite (1-1 OOOJ.!M) did not influence Nox5 

activity. 
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Figure 39. Inhibition o(Nox5 bv NO is not dependent on changes in heme incorporation. 

COS-7 cells were co-transfected with NoxS and either control (RFP), iNOS or WT 

GAPDH or K227 A GAPDH and superoxide production measured. Relative expression of 

HA-NoxS and GAPDH is shown in lower panels. Data are presented as means± SE (n = 

6 , * p<O.OS vs control). 
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Figure 40. Metabolism o(nitrite does not alter Nox5 derived superoxide prduction 

COS-7 cells expressing Nox5 were exposed to progressively higher concentrations of 

nitrite (1-lOOOJ.lM) and superoxide production measured. Data are presented as means± 

SE (n = 6, * p<0.05 vs control). 
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DISCUSSION 

The central hypothesis of our studies was that the local production of NO differentially 

influences cellular behavior. We have focused on 3 different NO-regulated cellular 

processes: protein exocytosis (vWF), inflammatory signaling (NFKB) and ROS 

production (Nox5). Overall our findings have demonstrated the paramount importance of 

the amount ofNO produced over that of the role of intracellular location ofNO synthesis 

in the regulation of protein and cellular functions. Furthermore, our studies reveal the 

importance of intrinsic sensitivity of various biological processes to NO. 

eNOS is a dually acylated protein that is modified by co-translational N-myristoylation 

and post-translational palmitoylation. These modifications are responsible for targeting 

eNOS to the plasma membrane and also to intracellular membranes including the Golgi 

[4]. In endothelial cells in culture and also in isolated blood vessels, the majority of 

eNOS is present in these two locations [23]. One of our primary goals was to identify 

whether residence at the Golgi or the PM influences the ability of eNOS to elicit NO

signaling via cGMP-dependent or -independent mechanisms in endothelial cells. 

The intracellular location of eNOS is a dynamic regulator of its activity. The loss of fatty 

acylation prevents proper membrane targeting and reduces eNOS activity [14]. 

Furthermore, the targeting eNOS to distinct regions of the cell can greatly increase or 

decrease its activity. The PM is the site of highest eNOS activity followed by the Golgi 

and activity is considerably blunted in areas where eNOS is normally absent including 
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the cytosol, mitochondria and nucleus [21]. Thus, location is clearly an important factor 

for regulating eNOS activity, but much less is known about the contribution of eNOS 

intracellular location to downstream NO signal transduction. In the present study we 

found that in comparison to the Golgi, the PM location of eNOS results in a greater 

ability to elicit cGMP-dependent signaling and endothelium-dependent relaxation of 

isolated blood vessels. The ability of PM eNOS to elicit more pronounced endothelium

dependent relaxations and greater increases in cGMP accumulation is perhaps not 

surprising given the extraordinary sensitivity of sGC for NO [243] and most likey reflects 

the increased NO production from this location [58, 109]. While a plasma membrane 

location favors the highest output of nitric oxide from eNOS, it is also the most 

susceptible to extracellular influences such as oxidized LDL which selectively reduces 

PM NO release [25, 254]. eNOS restricted to the Golgi is resistant to the actions of 

oxidized LDL and in this report we show for the first time that a Golgi restricted eNOS is 

also capable of supplying biologically active NO to adjacent smooth muscle cells and 

mediating endothelium-dependent relaxation. While eNOS is generally regarded as being 

protective in murine models of atherosclerosis [24], it is not yet known whether a Golgi 

location of eNOS would offer more protection against lesion formation versus the PM. 

In addition to cGMP signaling, we also found that the PM eNOS was more effective at 

supressing the secretion of vWF from endothelial cells as compared to Golgi targeted 

eNOS. Previous studies have shown that eNOS activity in the Golgi results in the 

compartmentalization of NO and S-nitrosylation of local proteins [255]. This has 

prominent effects on the vessicular traffic of local proteins and suggests that the location 
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of eNOS can influence discrete signaling events. Compartmentalization of protein S

nitrosylation is also evident in neurons where a number of accessory proteins in 

proximity to nNOS are selectively S-nitrosylated [256, 257]. In our study, the PM 

targeted eNOS was able to induce greater S-nitrosylation of NSF which reduces the 

exocytosis of vWF [258, 259]. However, one of the most robust influences on the S

nitrosylation of proteins is also the amount or concentration of NO. Endogenous levels of 

S-nitrosylation are difficult to detect and are far below that which can be achieved using 

an extracellular NO donor [44, 181, 182] and in endothelial cells, PM eNOS releases 

more NO than the Golgi eNOS. 

To distinguish between effects dependent on the amount of NO versus the location of its 

synthesis, we expressed Golgi and PM targeted calcium-insensitive forms of eNOS in 

human aortic endothelial cells. These constructs produce equal amounts of NO regardless 

of intracellular location [181] and when the amount ofNO produced is equalized between 

the Golgi and PM, the enhanced ability of PM eNOS to elicit cGMP signaling or inhibit 

vWF secretion is lost. While these results provide evidence against the importance of 

location in NO-signaling, it is possible that the greater amounts of NO generated by PM 

eNOS versus Golgi eNOS in our study results in a larger sphere of influence and less 

compartmentalization of protein S-nitrosylation. It is also possible that the Golgi and PM

targeted calcium-insensitive eNOS constructs act on distinct local targets to produce the 

same inhibitory effect on vWF secretion, although evidence for this effect is lacking. 

There is also considerable evidence that the protein S-nitrosylation that occurs in 

response to extracellular NO donors exhibits a perference for certain areas of the cell, 
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particularly in the perinuclear Golgi/ER and mitochrondria [32]. Others have shown that 

the S-nitrosylation of eNOS itself varies with location and eNOS activity. Cytosolic 

eNOS which produces much less NO is hypo- nitrosylated compared to WT eNOS which 

itself is less nitrosylated compared to a more active, membrane-targeted eNOS [23]. Thus 

while location is an important factor in the selective S-nitroslyation of proteins, there are 

clearly other factors at play. One of tbe reasons that higher concentrations of NO are 

needed for S-nitrosylation is the high level of free thiols in the cell [260] and thus it is 

reasonable to speculate that the selective nitrosylation of proteins such as NSF is more 

likely derived from tbe combined effects of the amount of NO produced and the location 

of the target protein rather !ban the location of NO synthesis. It is generally accepted that 

previous formation of higher oxidized species Nz03 from NO and 0 2 leads to S

nitrosylation [14, 25], but it is not yet clear where this occurs in the cell. Location of 

where Nz03 synthesis could be a quintessential factor for S-nitrosylation. 

In tbe next study, we investigated tbe ability of NO to regulate NF-KB signaling and 

adhesion molecule expression in human aortic endothelial cells. Previous studies have 

found !bat NF-KB is sensitive to both oxidative and nitrosative stress [261]. NO can 

suppresses NF-KB signaling via allosteric modification of its subunits including p50, p65 

and also IKKP [25, 262]. We found no change in the expression of NF-KB-dependent 

genes and no change in the phosphorylation of lkBa suggesting that the levels of 

endogenous NO produced from eNOS are insufficient to influence these pathways, at 

least in cultured human aortic endothelial cells. A majority of studies that have shown 

inhibition of NF-KB have relied on higher concentrations of NO, either from an NO 
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donor or from immune cells that expresses high levels of iN OS. This data suggests that 

this pathway is less sensitive to NO-dependent modulation. 

Recent studies have suggested that the location of where inhibition of NF-KB by NO 

takes place can actually vary depending on the cell type studied. In A540 cells, NO 

operates in the nucleus and inhibits the binding ofNF-KB to DNA through a reversible, 

redox-based modification of the p50-p65 heterodimer [182]. In Jurkat T cells, NO 

functions in the cytoplasm by inhibiting lkBa degradation, thus preventing the nuclear 

translocation of NF-KB. In intact blood vessels and cultured endothelium, eNOS can be 

found localized to either the perinuclear Golgi or the plasma membrane [245, 263] and 

NO production and the S-nitrosylation of target molecules can be found concentrated at 

sites of eNOS localization [264]. We found that the restricted expression of eNOS at the 

Golgi or plasma membrane of HAEC had no significant effect on TNFa induced 

activation of NF-KB. Even at the higher concentrations of NO afforded by the PM

location of eNOS, which could compensate for the reduced basal NO production 

secondary to the absence of hemodynamic stresses in culture conditions, there was no 

meaningful change in adhesion molecule expression. 

Suppression of vWF exocytosis by NO through S-nitrosylation of NSF suggests that the 

amount ofNO released is the most influential factor in controlling cellular function viaS

nitrosylation [57, 265-267]. This concept is supported by the data in this study showing 

that higher concentrations of NO are necessary to effectively constrain the NF-KB

dependent expression of cellular adhesion molecules. While it is clear that there is 
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significant variety in the sensitivity of substrate proteins to S-nitrosylation and also the 

sites of S-nitrosylation within those proteins [57, 266], the variables involved are not yet 

well defined [54]. Our results suggest that, at least in the context of HAECs, the S

nitrosylation ofNF-KB requires higher concentrations of NO than other more susceptible 

proteins such as GAPDH and NSF. This is supported by a number of studies in which the 

S-nitrosylation proteome has been mapped in which investigators have failed to identify 

constituents of the NF-KB pathway [57, 266]. To exclude the possibility that in HAECs, 

NF-KB is a low turnover or stable S-NO protein we preincubated cells with the NOS 

inhibitor for 0.5- 24h prior to stimulation with TNFu and saw no difference in ICAM-1 

induction. While the possibility exists that this was not sufficient time to observe an 

effect, other reports have shown effects of NO on NF-KB over a more acute time scale. 

For example, the activity of IKKP was markedly enhanced 4h after treatment with the 

NOS inhibitor, L-NMMA and occurred contemporaneously with a decrease IKKP S

nitrosylation [182]. 

It is difficult to extrapolate the quantity of NO made by eNOS in cultured endothelial 

cells to that made in vivo. The anti-inflammatory effect of eNOS-derived NO has been 

shown in vivo following the genetic deletion of eNOS [268]. Thus the possibility exists 

that eNOS in cultured endothelial cells may be less active than in the in vivo setting, 

although the expression of an active form of eNOS did not have additional effects. 

Alternatively it might be that endogenous sources of NO (i.e. eNOS) are important in 

modulating inflammatory signaling but that this occurs under select pathophysiological 

conditions that have a multitude of mediators such as tissue/cell injury (e.g. IIR injury) 
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versus the single inflammatory cytokine used in the current study. The regulation of 

inflammatory signaling cascades are complex and exhibit multiple redundant pathways 

so that TNFa alone may not be sufficiently sensitive to endogenous NO versus the 

multitude of signaling pathways and cell types involved in vivo. 

NF-KB signaling, leading to increased ICAM-1 expression, is also sensitive to oxidative 

stress. Indeed, compounds such as resveratrol, which have anti-oxidant properties and can 

also blunt the effects of peroxynitrite , have been shown to inhibit TNFa-mediated 

activation of NF-KB and ICAM-1 expression [269]. It is therefore possible that 

peroxynitrite may be a more efficient regulator ofNF-KB activation than NO. However, 

the pursuit of this hypothesis is beyond the scope of the present study and would likely 

lend further support to our overall finding, that NO is a relatively weak modulator ofNF

KB signaling. 

The promoter region for ICAM-1 contains binding sites for a number of redox sensitive 

transcription factors including NF-KB, EGR-1, Spl and AP-1. Pharmacological or genetic 

inhibition ofNF-KB prevents upregulation of ICAM-1 and VCAM-1 in response to TNFa 

and suggests an absolute dependence on NF-KB activity [270]. However, other cytokines 

such as IL-l~. can upregulate ICAM-1 expression in endothelial cells via NO-mediated 

inhibition of Spl and API [62]. A reasonable assumption of the current study is that the 

upregulation of ICAM-1 in response to TNFa is NF-KB dependent; however, we would 

expect that if Spl and API were involved in this response, then they too would be 

sensitive to NO inhibition. 
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Recently, it was discovered that TNFu stimulated ICAM-1 expression can also occur 

downstream of p38 MAPK signaling [271]. However, NO has been shown to activate 

p38 MAPK signaling [272, 273] which is the opposite of its actions on NF-KB. Although 

increased p38 MAPK activity could account for some of the reduced NO-sensitivity of 

adhesion molecular upregulation, it does not explain the lack of sensitivity of IKBu IKK~ 

and p65 to endogenous NO. The mechanism by which NO regulates p38 MAPK 

signaling and whether S-nitrosylation is involved remains unclear. 

In the prosecution of our third aim, we generated novel data showing that both exogenous 

and endogenously produced NO can reduce the activity of Nox5 in a dose-dependent 

manner and also that NO potently suppresses the activity of Nox5 via a reversible 

increase in S-nitrosylation. The ability of NO to suppress Nox5 activity is consistent with 

previous reports showing that the activity ofNox2 is suppressed by NO [274]. However, 

these studies identified the regulatory subunits of Nox2 as the target of S-nitrosylation 

and not Nox2 itself [275, 276]. Nox5 differs from the other Nox isoforms, including 

Nox2, in that all of the elements required to produce superoxide are contained within the 

single enzymatic unit [277]. Accordingly, the ability of NO to reduce Nox5 activity 

without a change in protein expression is indicative of either changes in the availability of 

substrates or alteration of post-translational modifications. In an isolated enzyme activity 

assay with surplus calcium, NADPH and FAD, the activity of Nox5 continued to be 

reduced by NO and this data suggests that diminished access to co-factors or substrates 

cannot account for the loss of activity. By exclusion, we reasoned that there must be 

changes in the post-translational regulation of Nox5. We found no change in 
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phosphorylation or detectable tyrosine nitration or glutathiolation of NoxS. This data is 

consistent with previous studies who have found no role for ONoo- in mediating NO

dependent inhibition ofNox2 [278]. Direct treatment of ONOO- to the NoxS expressing 

cells did not decrease NoxS activity, which supports the result from immunoprecipitation 

and nitrotyrosine blotting. One possibility involved is that endogenously produced 

ONoo- is not eligible to nitrate all proteins, especially some protein that might not 

sensitive to nitration, NoxS might be one of them. In addition, several labs have 

demonstrated that ONOO- generated at relatively low steady-state concentrations from 

continuous fluxes of NO/superoxide does not cause significant nitration of free or 

protein-bound tyrosine [212]. Another study suggested that ONoo- plays no essential 

role in tyrosine nitration in activated macrophages, which add another piece to the 

evidence against ONOO- as a mediator of tyrosine nitration in inflammatory diseases 

[14]. Therefore, nitration of total protein lysate from our study may not be induced by 

ONoo- either. 

In cells expressing iN OS there was significant production of ONoo- which was detected 

by both DHR fluorescence and indirectly by increased tyrosine nitration of total cellular 

proteins. An unexpected observation was that the co-expression of NoxS with iN OS did 

not lead to the detection of additional ONoo-. This was surprising given that the 

products of both enzymes react avidly when in close proximity [279]. One possible 

explanation could be a physical separation or compartmentalization of NoxS within 

membranes of the ER or plasma membrane that excludes an interaction between 

superoxide and nitric oxide. However, this is unlikely as we have compelling evidence 
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that NO can directly access and modify NoxS via S-nitrosylation which suggests that 

there is sufficient NO or S-nitrosothiols in the vicinity. In addition, NO produced in 

separate cells is capable of diffusing to and penetrating adjacent cells to inhibit NoxS. 

Alternatively, it is possible that the stoichiometry of NO and superoxide is not 

sufficiently favorable to elicit a significant change in the amount of detectable ONoo

produced endogenously from iNOS [261]. Indeed, NoxS produces considerably less 

superoxide than Nox2 and maybe overwhelmed by the amount of NO and ONOO

produced by iN OS. Evidence against the latter, is that the acute inhibition of iN OS with 

L-NAME does not influence the levels of superoxide detected outside the cell. However, 

it is also possible that the reagent used for chemiluminescent detection of superoxide, L-

012 can outcompete iNOS-derived NO under these settings. To address this relationship, 

we also performed a dose-response with lower amounts of transfected iNOS together 

with fixed amounts of NoxS and found that the production of ONOO- was in direct 

proportion to the level of iN OS expression and unaffected by the presence of NoxS. 

While the interaction between NO and superoxide is well characterized in in vitro 

biochemical assays [280, 281 ], the interaction of NO with Nox-derived superoxide is, by 

contrast, poorly understood. Genetic deletion of Nox2 has been shown to reduce overall 

tyrosine nitration [282, 283] and increased expression of Nox1 increases tyrosine 

nitration [284] which suggests that Nox-derived superoxide can be important in the 

formation of ONOO-. However, the majority of experiments in support of a role of Nox 

enzymes in peroxynitrite formation has been performed in vivo and thus could be 

influenced by other variables. In addition to iNOS, NoxS did not modify the level of 

ONoo- produced from eNOS and we know from past studies that NoxS-derived 
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superoxide reacts with eNOS-derived NO and prevents both cGMP production and 

relaxation [285]. Another interpretation of our data is that the probe employed to detect 

ONoo- levels is not sensitive to ONoo- formed by the interaction of Nox-derived 

superoxide and NO. There is another explaination for the reason why co-transfection of 

NO and superoxide did not increase the ONoo- signal. Based on our hypothesis, part of 

NO was consumed for Nox5 nitrosylation, so the NO available for combination with 

more superoxide produced from newly added Nox5 is not enough to exceed the ONoo

level by iN OS itself. 

In contrast to the other posttranslational modifications studied, both endogenous and 

exogenous NO induced a robust S-nitrosylation of Nox5. S-nitrosylation has been 

compared to phosphorylation in part because it is a reversible post-translational 

modification that alters protein function [286]. We observed a maximal effect of NO on 

Nox5 activity within lh which was steadily reversed over a period of hours. This 

relatively slow recovery is consistent with the time course of GSNO decay in endothelial 

cells [54]. The rate of denitrosylation of substrate proteins has been shown to be variable 

and some S-nitrosylated substrates display significant stability in the presence of 

reducing agents which may suggest a variety of mechanisms for NO removal [247, 287, 

288]. S-nitrosoglutathione reductase (GSNOR) or alcohol dehydrogenase 5 (ADH5) was 

one of the first enzymes shown to facilitate the removal of NO from S-nitrosylated 

glutathione and the loss of GSNOR leads to the accumulation of S-nitrosylated proteins 

[220]. In addition, thioredoxin 1 (Trx 1) has been shown to facilitate the denitrosylation of 

both stable S-nitrosylated proteins [289, 290] as well as a variety of other substrates 
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[289]. We found that co-expression of the denitrosylases, GSNOR and Trxl, blunted the 

ability of iN OS to suppress Nox5 activity. Importantly, when expressed alone, GSNOR 

and Trxl did not reduce the activity ofiNOS indicating that the improved performance of 

Nox5 in the presence of GSNOR and Trxl was not related to a non-specific reduction in 

the amount of NO produced. Similarly, GSNOR and Trxl did not modify Nox5 activity 

in the absence of iN OS. Collectively these results suggest that GSNOR and Trxl promote 

the denitrosylation of Nox5. An interesting finding was that the increased expression of 

GSNOR significantly potentiated the activity of iN OS. To our knowledge, this has not 

been previously reported and the loss of GSNOR in mice does not appear to alter overall 

NO biosynthesis [248]. It is not yet known if the effects of GSNOR on iNOS are due to 

increased catalytic activity, stability or increased expression or whether this effect is 

specific for iNOS versus other NOS enzymes. Certainly the increased production of NO 

could explain the reduced ability of GSNOR to restore Nox5 activity relative to Trxl, 

which did not modify iNOS activity. We also observed that supplemental nitrite did not 

modify Nox5 activity which suggests that it must need to be converted to NO first before 

it can influence Nox function or perhaps that higher concentrations are necessary. 

The mechanism by which NO and S-nitrosylation inhibits Nox5 activity is not yet known. 

The weight of evidence suggests that it is not an indirect effect on other variables that can 

impact Nox function and instead is likely to be due to the direct S-nitrosylation of the 

enzyme. Indeed, MS analysis of S-nitrosylated Nox5~ revealed 4 target cysteine residues 

out of a total of 15, Cl07, C246, C519 and C694. All of these cysteine residues are well 

conserved in the reported sequences ofNox5 from different species. However, there is no 
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conservation ofC107, C246 and C519 in other Nox isoforms (Nox1-4). In contrast, C694 

is highly conserved [266] and is equivalent to C531 in Nox1, C537 in Nox2, C535 in 

Nox3 and C547 in Nox4. C694 is predicted to lie within the NADPH binding region of 

NoxS and other Nox isoforms [2, 47] and possibly could interfere with NADPH binding. 

Indeed, mutation of C694 to serine, reduced the S-nitrosylation of NoxS and severely 

diminished NoxS-dependent ROS production, suggesting that C694 is indeed critical for 

Nox enzymatic activity. Mutation of C1 07 reduced overall ROS production but did not 

confer protection from NO-mediated decreases in NoxS activity. Similar to C694, loss of 

C519 severely reduced baseline NoxS activity and further decreases in activity in the 

presence of NO were not observed. This site is predicted to lie between the C-terminal 

NADPH binding regions and the FAD binding site and thus could possibly interfere with 

electron traffic to the heme residues. Overall, the most likely scenario is that the S

nitrosylation of NoxS at multiple cysteine residues confers different mechanisms of 

inhibition. 

In addition to NoxS, NO also suppressed the activity of Nox 1, 3 and 4 in a dose

dependent manner. Nox1 and Nox3 were the most sensitive to NO and Nox4 the most 

refractory. These results support the concept that NO is a general inhibitor of Nox 

enzymes. The mechanisms underlying the relative resistance of Nox4 to NO are not 

known. The sites of S-nitrosylation on the other Nox isoforms are not known and are 

beyond the scope of this thesis. It is possible that S-nitrosylation of C694, which is highly 

conserved in the other Nox isoforms and lies within the NADPH binding domain, is a 

general mechanism for decreased Nox activity. The additional S-nitrosylation of other 
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sites and also the possibility of S-nitrosylation of accessory subunits could contribute to 

the difference in relative NO-sensitivity of the Nox isoforrns that we observed. In 

addition, Nox4 does not require accessory subunits beyond p22phox and emits only 

detectable hydrogen peroxide [138, 144, 291-294] versus a combination of both 

superoxide and hydrogen peroxide which are produced by the other enzymes [295]. It is 

not yet known if NO differentially modifies the ability of the other Nox enzymes (Noxl, 

3 and 5) to produce superoxide versus hydrogen peroxide. 

It is becoming increasingly clear that the major targets of NO in biological systems are 

both free thiols and heme containing proteins. Previous studies have shown that heme 

incorporation into proteins is reduced by NO, resulting in inhibition of enzyme activity . 

The heme containing metal reductase, frel is a yeast protein with homology to Nox2 and 

reaction of frel with exogenous NO prevents heme incorporation and results in 

irreversible inactivation. Intriguingly, a recent study has shown that the insertion of heme 

into iN OS and other proteins is mediated by GAPDH which is one of the most robust 

targets of S-nitrosylation. The incorporation of heme into substrate proteins via GAPDH 

is regulated via the S-nitrosylation of GAPDH on Cl52. As this could be a viable indirect 

mechanism for NO-dependent inhibition ofNox activity, we employed the K227A heme

binding and the Cl52S S-nitrosylation -deficient mutants of GAPDH and co-transfected 

them with Nox5. We found that co-expression of wt or K227A mutants of GAPDH 

which significantly modulate iN OS activity, did not affect the activity of Nox5. These 

data are in agreement with previous studies that reported that NO does not affect the 

incorporation of heme into Nox2. 
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Nitric oxide is a ubiquitous signaling molecule that influences organ function by a 

number of different post-translational modifications. It is well established that NO

dependent signaling is compromised in cardiovascular diseases states and occurs 

alongside progressive vascular dysfunction. A number of mechanisms have been 

proposed to mediate these changes including deficiencies of arginine, BH4, hsp90 

binding and increased Nox enzyme expression. The results of the current study suggest 

an additional mechanism that could further exacerbate the reduced bioavailability of NO 

that is observed in cardiovascular disease states. Thus, physiological production of NO 

would constrain or restrict ROS production via the S-nitrosylation of NADPH oxidases. 

Loss of biologically active NO, such as occurs in disease, would remove this restraint and 

enable higher levels of ROS production from more active Nox enzymes. This concept is 

supported by evidence in this study that human vascular cells exposed to L-NAME, 

which by inhibiting endogenous NO production, potentiates superoxide production. In 

addition, both endogenously produced and exogenously administered NO have been 

shown to robustly protect from ischemia reperfusion and this is largely due to 

suppression of abundant ROS production. The physiological production of NO is also 

considered to be anti-inflammatory and has been shown to reduce production of ROS 

from inflammatory cells. 

Thus the ability of NO to suppress Nox2 activity is clearly only part of the story. NoxS, 

Noxl and Nox3 must be added to the list of NO-sensitive ROS generating 

oxidoreductases. NoxS is directly modified by reversible S-nitrosylation and future 
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studies are needed to identify whether the other Nox enzymes are similarly S-nitrosylated 

and to identify the mechanism by which Nox4 resists NO inhibition. Collectively, this 

mechanism may contribute to the redox balance observed in blood vessels and may 

account, at least in part, for the elevated ROS production observed under conditions of 

diminished NO. 

In conclusion, these results support the concept that the amount of NO is the most 

important variable influencing protein S-nitrosylation and function. There are clear 

differences in the sensitivity of proteins to S-nitrosylation with some pathways being 

modified by NO at physiological concentrations (vWF, NADPB oxidases) versus other 

pathways that require higher amounts ofNO (NFKB). 
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