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ABSTRACT 

 
Nitric oxide (NO) is a highly diffusible gas that is synthesized by three 
distinct isoforms of nitric oxide synthases (NOS). Two isoforms are 
constitutively expressed and generate NO for cell-signalling purposes: 
neuronal NOS (nNOS) and endothelial NOS (eNOS), and the third member 
of the family is an inducible isoform (iNOS) which releases NO in larger 
quantities during inflammatory or immunological defence reactions and is 
involved in host tissue damage. NO has been shown to act as a 
multifunctional gaseous modulator in many cellular events. It is an 
important messenger molecule synthesized in a variety of tissues and 
involved in various physiological and pathological functions. 
The regulatory actions of NO are explained both by the physiological 
intracellular concentrations of NO and by some well known NO-dependent 
cell signalling and regulatory pathways. During this research project we 
focused on two of these regulatory pathways: the NO-dependent protein 
modifications of cysteine residues and the reversible inhibition of 
mitochondrial cytochrome c oxidase (CcOX), the terminal complex of the 
mitochondrial respiratory chain. 
Modulation of thiol-disulfide status of critical cysteines on enzymes, 
receptors, transport proteins, and transcription factors is recognized as an 
important mechanism of signal transduction and an important consequence 
of oxidative/nitrosative stress associated with aging, cardiovascular and 
neurodegenerative diseases. Within these contexts, a prevalent form of 
cysteine modification is reversible formation of protein mixed disulfides 
with glutathione (GSH), the major non-protein thiol compound in cells. 
Protein S-glutathionylation increases globally during overt oxidative stress, 
but selective/local generation of reactive oxygen and nitrogen species 
mediates physiological redox signaling. Moreover, reversible modifications, 
as S-glutathionylation, have been suggested to have a dual role:  protection 
from cysteine irreversible oxidation and modulation of protein function.  
Among the wide list of proteins demonstrated to be susceptible to oxidative 
cysteine modifications, as S-nitrosylation, we focused on Metallothionein 
(MT) and the transcription factor Sp1, two zinc-binding metalloproteins that 
play fundamental roles in cellular functions, and whose activity has been 
shown to be affected upon ageing. Thus we investigated the susceptibility to 
S-glutathionylation of these proteins. Analysis of the three-dimensional 
structure of both MT and Sp1 showed the presence of some Cys residues 
likely targets for S-glutathionylation, both for their solvent accessibility and 
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electrostatics induced reactivity glutathionylable cysteine residues. Western 
blot and dot blot assays performed after in vitro exposure to GSNO, 
diamide and H2O2 (oxidant agents acting through different mechanisms) 
revealed  that both MT and Sp1 can be susceptible to S-glutathionylation 
upon oxidative/nitrosative stress conditions. Moreover, this effect was 
completely reversed by treatment with the reducing agent DTT, indicating 
the involvement of protein-mixed disulphides. Together our findings 
support a potential functional role for S-glutathionylation in protecting these 
proteins from irreversible oxidation that could occur during 
oxidative/nitrosative stress into the cell, and may represents an important 
antioxidant mechanism in the ageing process. 
NO has been observed to act as an effective signal molecule that regulates 
mitochondrial events, including oxygen consumption and reactive oxygen 
species production. Binding of NO with the terminal electron acceptor of 
the mitochondrial electron transport chain, CcOX, plays crucial roles in 
mediating the physiological effects of NO. Interaction between NO and 
CcOX is bidirectional resulting not only in the modulation of the 
mitochondrial enzyme activity by NO, but also in the regulation of NO 
concentrations by CcOX. 
Recently, we reported that mtNOS is physically associated with CcOX, and 
that this binding is mediated by the PDZ motif of mtNOS. In order to 
further analyze the role played by NO in CcOX activity modulation, in the 
present work we explored whether and how the interaction between the 
mtNOS PDZ motif and the subunit Va of CcOX can be regulated. Through 
molecular modeling simulations we individuated a potentially critic specific 
tyrosine residue (Tyr77) in the PDZ of nNOS (whose alpha isoform is 
identical to mtNOS). Considering that the importance of 
phosphorylation/dephosphorylation in regulating NOS activity and, more 
recently, mitochondrial processes has been recognized and several protein 
kinases and phosphatases have been identified in mitochondria, we 
investigated whether nNOS PDZ Tyr77 phosphorylation could be 
implicated in the mtNOS/CcOX interaction modulation. To this purpose we 
utilized different experimental approaches such as nNOS alpha cloning and 
mutagenesis, expression of wild type and mutant nNOS in mammalian cells, 
and, finally, analysis of nNOS/CcOX interaction in wild type and 
transfected cells by means of confocal microscopy and co-
immunoprecipitation assays. Together our results suggest phosphorylation 
as a likely mechanism of  mtNOS/CcOX interaction regulation. Moreover it 
seems that this modulation is mediated by the action of some src tyrosine 
kinases.
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1. INTRODUCTION 

 
Nitric oxide (NO) has been firmly established as an ubiquitous signalling 
molecule in the regulation of key functions in the nervous, immune and 
cardiovascular systems. It is generated by a family of enzymes termed NO 
synthases (NOS) through sequential oxidation that converts the amino acid 
L-arginine to L-citrulline, in the presence of O2, NADPH and others 
appropriate cofactors (Moncada and Higgs, 1993). Three different forms of 
NOS were originally identified: two of these, the so-called ‘neuronal’ 
(nNOS) and ‘endothelial’ (eNOS) isoforms are expressed constitutively 
(cNOS) and generate NO for cell-signalling purposes. The third one is an 
inducible isoform (iNOS) which releases NO in larger quantities during 
inflammatory or immunological defence reactions and is involved in host 
tissue damage.  
Both the regulation and functions of the cNOS isoforms are largely 
determined by their subcellular localization, which in turn is cell type 
specific. nNOS is present not only in neurons but also in skeletal muscle, 
neutrophils, pancreatic islet cells, endometrium, respiratory gastrointestinal 
epithelia, astrocytes (Nathan and Xie, 1994) and cardiomyocytes (Miethke 
et al., 2003). While eNOS has been localized in endothelial cells, 
cardiomyocytes (Shultz et al., 1992), platelets (Muruganandam and Mutus, 
1994) and also in a small population of neurons in the central nervous 
system (CNS) (Dinerman et al., 1994). Both these isoforms are regulated by 
the levels of various necessary cofactors and substrates within the cell, as 
well as through modifications of the enzymes by processes such as 
phosphorylation. Unlike cNOS, the inducible isoform can be 
transcriptionally triggered in response to a wide range of stimuli, most 
prominently endotoxin and endogenous proinflammatory mediators, in 
many cell types including astrocytes, dendritic cells, endothelial cells, 
fibroblast, macrophages, cardiomyocytes, neurons and vascular smooth 
muscle cells (Nathan and Xie, 1994). 

 
 

1.1 Function and regulation of Nitric Oxide 
Nitric oxide, first identified as endothelium-derived relaxing factor in blood 
vessels (Furchgott and Zawadzki, 1980; Palmer et al., 1987), has been 
recognized, during the following years, to play a pivotal role in intercellular 
communication, as well as in intracellular signalling, in many tissues 
(Moncada et al., 1989; Murad, 1994a; Kerwin et al., 1995).  
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Two principal mechanisms have been firmly established as primary cellular 
targets able to explain the profound effects mediated by NO.  
Activation of soluble guanylate cyclase (sGC) by NO was the first 
identified cellular target for transduction of NO-mediated signals (Ignarro, 
1991; Murad, 1994b). The reversible coordination bonding of NO with the 
heme center of sGC changes its conformation and activates it to produce 
cyclic GMP (cGMP), another small molecule that gives way to the 
activation of specific kinases. This transduction pathway is involved in the 
response of many different cell types to NO signal and can affect the 
function of a wide array of proteins, as well as modulate the function of 
other cellular messengers, such as cyclic AMP and calcium (Hanafi et al., 
2001; Contestabile et al., 2003; Guix et al., 2005). Cellular activities 
regulated by cGMP are multifarious (Fiscus, 2002; Pilz and Casteel, 2003), 
as is the number of putative protein targets for reaction with NO. Thus, the 
modalities of cellular transduction of NO signal may well account for the 
broad spectrum of effects regulated by NO in many cells. 
Other roles of NO rely on a similar kind of reversible coordination bonding 
that can change or modulate protein activities. Protein nitration is the result 
of reaction of peroxinitrite anion, formed by reaction of NO with superoxide 
radical, with residues such as tryptophan and particularly tyrosine (Kelm et 

al., 1997; Hanafi et al., 2001). Nitric oxide also reacts with thiol groups of 
several amino acidic residues, especially with cysteine, forming S-

nitrosylated derivatives (Stamler, 1994; Hanafi et al., 2001). Both nitration 
and S-nitrosylation affect the function of the target proteins, ensuring that a 
multiplicity of cell-specific effects stem from the same initial signalling 
molecule (Hanafi et al., 2001; Jaffrey et al., 2001; Contestabile et al., 2003; 
Guix et al., 2005). The two main modalities able to elicit cellular responses 
to NO, i.e., through cGMP messenger or through conformational 
modification of protein function by direct chemical reaction, are not 
mutually exclusive even if they may preferentially occur at different 
concentrations of NO (Hanafi et al., 2001).NO is considered to be a 
ubiquitous endogenous system which is involved in opposite actions: the 
maintenance of homeostasis on one hand and the mediation of pathological 
processes on the other one. NO is a free-radical gas with an unshared 
electron that is freely membrane diffusible. Depending on the environment 
in which NO is generated, it can mediate regulatory physiological functions 
such as vasodilatation and neurotransmission (Moncada and Higgins, 1993) 
or react with superoxide radicals to generate destructive reactive nitrogen 
species (RNSs) such as dinitrogen trioxide (N2O3) and peroxynitrite 
(ONOO-) as in neurodegenerative conditions (Bolaños et al., 1997). 
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cNOSs are responsible for a low basal level of NO synthesis (in the range of 
pM-nM) that can be slightly and rapidly increased for a short period of time 
in response to certain signals. Low basal level of NO continuously produced 
by cNOS in absence of stimulation, participates in the regulation of daily 
activities of cells and exerts a large variety of activities essential for cells 
normal functioning in vascular endothelium (Kubes et al., 1991; Magazine 
et al., 1996; Schini-Kerth, 1999), in the heart (Ritchie et al., 1998; Simko 
and Simko, 2000; Massion and Balligand, 2003), in the central nervous 
system (Colasanti et al., 1995; Peunova and Enikopolov, 1995; Hudetz et 

al., 1998). Recent evidence indicates that NO can also affect mitochondrial 
function. In mitochondria of several cell types, low concentration of NO 
reversibly binds Cytochrome c oxidase (CcOX), the terminal electron 
acceptor of respiratory chain, in competition with oxygen (Cleeter et al., 
1994) thus modulating O2 uptake and availability, ATP synthesis and 
preventing overproduction of reactive oxygen species (ROS). CcOX 
inhibition by NO also results in the maintenance of the mitochondrial 
membrane potential and prevention of apoptosis at the early stages of the 
process (Beltran et al., 2000).  There are findings indicating that NO 
through its interaction with components of the electron-transport chain 
might function not only as a physiological regulator of cell respiration, but 
also to augment the generation of reactive oxygen species by mitochondria, 
and thereby trigger mechanisms of cell survival or death (Moncada and 
Erusalimsky, 2002). 
The wide range of activities exert by both basal and transiently increased 
levels of constitutive NO clearly show the essential role played by this 
molecule in the physiology of cells and systems. Loss of constitutive NO 
availability is always associated with cell dysfunction and diseases. 

 
Differently from cNOS, iNOS produces large amounts of NO (in the range 
of µM), after an induction/latency period of about 3-4 hours from 
stimulation and over a long period of time, around 24-48 hours (Stefano et 

al., 1998; Radomski et al., 1990). Inducible NOS expression is generally 
induced as a physiological answer to pathological conditions (MacMicking 
et al., 1997; Bodgan et al., 2000; Serbina et al., 2003). Indeed, high 
concentration of NO as produced by iNOS, is a cellular tool used to solve 
dangerous situations. Should iNOS expression become deregulated and 
prolonged, this tool would result cytotoxic itself. Chronic iNOS expression 
has been demonstrated in several diseases such as cardiovascular, 
neurodegenerative diseases and cancer. Beside the pathological 
involvement, iNOS-derived NO has been demonstrate to participate also to 
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physiological events linked to cell differentiation, function that is strictly 
connected to cell developmental stage and subcellular localization.  

 
nNOS and/or eNOS can crosstalk with the machinery that regulates iNOS 
expression using NO as a modulator (Colasanti and Suzuki, 2000). NO was 
reported to inhibit iNOS activity through a mechanism that involves the 
heme iron prosthetic group of the enzyme (Griscavage et al., 1993). More 
recently, NO has been shown to suppress the transcription of the gene 
encoding iNOS in a variety of cell types by inactivating the transcriptional 
nuclear factor κB (NFκB) (Mariotto et al., 1995; Colasanti et al., 1995; Park 
et al., 1997; Katsuyama et al., 1998). So far, two mechanisms have been 
identified by which NO can inhibit the actions of NFκB. First, NO can 
suppress NFκB activation by inducing and stabilizing the NFκB inhibitor 
IκB (Peng et al., 1995), as well as interfering with IκB phosphorylation 
(Katsuyama et al., 1998). Second, NO has been reported to interfere directly 
with the binding of NFκB to its response element present in the promoter 
region of the gene encoding iNOS both in vitro (Matthews et al., 1996) and 
in vivo. 

 
Taken together, these data clearly show the essential role of NO and the 
sophisticated modulation that underlies its biological functions. 
Concentration, time, place of NO production and isoforms crosstalk are 
responsible for the beneficial to deleterious nature of this molecule. All 
conditions under which one or more of these features are deregulated lead to 
loss of constitutive NO bioavailability and chronic iNOS expression with 
pathological consequences. This is particularly evident in oxidative and 
nitrosative stress normally occurring during the aging process and in disease 
related to aging. 

 
 

2. Oxidative/nitrosative modifications of proteins 
 
Nitric oxide is a free radical, which makes it very unstable compared to 
many other chemical species. This implies not only that it is rapidly 
decomposed but also that it is able to react with other species, producing a 
variety of radical and non radical compounds, collectively named “reactive 
nitrogen species” (RNS). 
The process by which milder physiological levels of reactive oxygen 
species (ROS) and RNS induce modifications to proteins that are discrete, 
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site-specific and reversible is term “redox signalling”. Redox signals may 
abrogate or enhance activity of the target protein, and have been implicated 
in physiological signalling processes that include kinase signalling, channel 
function, apoptotic proteolysis, and regulation of transcription (Ueda et al., 
2002; Hool and Corry, 2007; Janssen-Heininger et al., 2008). When RNS 
and ROS levels exceed the cellular antioxidant capacity, a deleterious 
condition known as oxidative/nitrosative stress occurs. It describes a status 
in which cellular antioxidant defences are insufficient to keep the levels of 
ROS/RNS below a toxic threshold. This may be either due to excessive 
production of ROS/RNS, impairment of cellular antioxidant defences or 
both. Unchecked, excessive ROS/RNS generation can lead to the disruption 
of redox signalling and/or to the molecular damage of cellular components 
including proteins, leading ultimately to cell death via apoptosis or necrosis 
(Jones, 2006). 
One of the major sources of ROS in cells are mitochondria. In particular, 
recent findings show that the two major sites of superoxide production are 
at complex I (Herrero and Barja, 1997; Genova et al., 2001; Liu et al., 
2002) and complex III (Nohl and Stolze, 1992) of the electron transport 
chain. Excessive ROS production is often deleterious to mitochondrial 
function.   
ROS/RNS can cause specific, oxidative modifications on sensitive proteins 
that may lead to a change in the activity or function of the oxidized protein 
(Finkel and Holbrook, 2000). Most protein oxidation products are 
commonly considered as biomarkers of oxidative/nitrosative stress/damage 
(Dalle-Donne et al., 2005; Dalle-Donne et al., 2006). And recent scientific 
studies have advanced the notion of chronic inflammation as a major risk 
factor underlying aging and age-related diseases (Yu and Chung, 2006). 
 
 

2.1 Oxidative/Nitrosative modifications of protein thiols 
Under conditions of oxidative/nitrosative stress, the thiols of cysteine 
residues within proteins are among the most susceptible oxidant-sensitive 
targets and can undergo a diverse array of redox alterations in response to 
ROS and/or RNS increase or exposure (Fig. 1). All the modifications to 
protein thiols can potentially affect protein activity, with the degree 
depending on the importance of the cysteine residue in carrying out protein 
function. Actually, the oxidative modifications of the cysteine sulfhydryl 
group have recently attracted renewed interest, because Cys is present in the 
active site of many proteins and in protein motifs that function in protein 
regulation and trafficking, cellular signalling, and control of gene 
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expression (Biswas et al., 2006; Jacob et al., 2006). Some proteins may not 
contain cysteine residues important in protein function; however, 
modification of thiols may cause a conformational change that alters protein 
activity. Thus, because many redox alterations to protein thiols are readily 
reversible, thiol redox alteration, like phosphorylation, has been suggested 
to be an important mechanism of turning on and off proteins, i.e., protein 
redox regulation, particularly in response to oxidative and nitrosative stress. 
The exposure of cysteines on the protein surface is a functional necessity to 
prevent redox changes from spreading through the entire protein molecule. 
The surface-oriented Cys residues are normally kept reduced and may 
therefore serve as “redox sensors” of the cells. 
 
 

 
 
Fig. 1 Consequences of ROS/RNS and oxidative/nitrosative stress on protein 

function and fate. ROS/RNS may cause oxidative/nitrosative modifications on sensitive 
target proteins. Reversible modifications, usually at Cys and Met residues, may have a dual 
role of modulation of protein function and protection from irreversible modification. 
Irreversible modifications are usually associated with permanent loss of protein function and 
may lead to the degradation of the damaged proteins by proteasome and other proteases or to 
their progressive accumulation. (from Giustarini et al., 2004) 
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Although the thiol moiety on the side chain of cysteine is particularly 
sensitive to redox reactions, not all cysteinyl thiols are important as redox 
sensors, as most protein thiols do not react with oxidants under the 
conditions and at the concentrations they are found in cells. Nevertheless, 
some cysteine residues are susceptible to oxidation. The two major 
determinants of the susceptibility of thiols to redox regulation are the 
accessibility of the thiol within the three-dimensional structure of the 
protein and the reactivity of the cysteine, which is influenced by the 
surrounding amino acids. The vast majority of cytoplasmic proteins contain 
cysteine sulfhydryls with a pKa value greater than 8.0 and, in the reducing 
environment of the cytoplasm, remain almost completely protonated at 
physiological pH. As a result, they are unlikely to be reactive with 
ROS/RNS. However, redox-sensitive proteins have specific Cys residues 
that exist as thiolate anions at neutral pH, due to a lowering of their pKa 
values as a result of charge interactions with neighbouring positively 
charged (i.e., basic) amino acid residues, becoming “active cysteines,” 
which are therefore more vulnerable to oxidation (Rhee et al., 2000). 
 
These “active cysteines” can be susceptible to various reversible and/or 
irreversible redox reactions (Fig. 1), which are largely dependent on the 
species and concentration of the oxidants they contact. Most thiol 
modifications are unstable and can easily be reversed or replaced by other, 
more stable modifications. In the presence of increasing ROS 
concentrations and an oxidative cellular environment, PSH can be oxidized 
into sulphenic (PSOH), sulphinic (PSO2H) or sulphonic (PSO3H) acids (Fig. 
2). Whereas the formation of PSOH can be reversed, for example by 
reduced glutathione (GSH), the two latter species are usually irreversible. 
Oxidation of PSH can also promote the formation of inter- or intramolecular 
disulphides between protein thiols or between protein thiols and low-
molecular-mass thiols (usually referred to as S-thiolation). In the presence 
of RNS, PSH can be modified by either S-nitrosylation (forming S-

nitrosylated proteins, PSNOs) or S-glutathionylation (Schafer et al., 2001; 
Giustarini et al., 2006). These modifications can alter or regulate the 
function of numerous proteins containing cysteines of structural importance, 
within their catalytic centre or as part of protein–protein interaction 
interfaces. 
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Figure 2. Oxidative modifications of protein thiols. The thiol group of cysteinyl side 
chains is susceptible to several oxidative modifications. The oxidation of a protein cysteine 
residue can result in the formation of a cysteinyl radical (P-S_, not shown) or a sulphenic 
(PSOH) (a), sulphinic (PSO2H) (b) or sulphonic (PSO3H) (c) acid (the latter of which is 
always irreversible). Alternatively, oxidation can result in a disulphide bridge (cystine) (d, d0). 
Disulphides can form under oxidative conditions between two adjacent proteins 
(intermolecular cystine or interprotein disulphide) (d) or between two adjacent sulphydryl 
groups within a protein (intramolecular cysteine or intraprotein disulphide) (d0), causing 
changes in protein aggregation and conformation. Reaction between PSHs and low-molecular-
mass thiols such as GSH and free cysteine can yield protein-glutathione (e) or protein-cysteine 
(f) mixed disulphides, respectively (i.e. S-glutathionylated or S-cysteinylated proteins). Protein 
thiols found in consensus motifs wherein the cysteine is adjacent to basic and acid residues or 
aromatic residues can serve as sites of S-nitrosylation, which can be mediated by NO, S-
nitrosothiols or several higher N-oxides (g), or catalysed by transition metals. (from Dalle-
Donne et al., 2009) 

 
 
In order to protect itself against hostile oxidative environments, the 
organism has developed various antioxidant defenses that include the 
classical antioxidant enzymes, SOD, GSH peroxidase, and catalase, as well 

as non-enzymatic ROS scavengers, vitamin E, vitamin C, β-carotene, and 
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uric acid (Lykkesfeldt et al., 1998). Among others, GSH is the most 
abundant and effective biological anti-oxidative reductant (Cross et al., 
1977). Both GSH and GSH reductase levels have been found to decrease 
with age (Cho et al., 2003).  
The tripeptide GSH (γ-Glu-Cys-Gly) in mammalian is the predominant non-
protein thiol and has essential roles as an antioxidant and intracellular redox 
buffer, in ROS scavenging and in detoxification of electrophilic xenobiotics 
and heavy metals. In mammalian cells, almost 90% of glutathione is in the 
cytosol (1–10 mM), 10% in the mitochondria (5–10 mM) and a small 
percentage in the endoplasmic reticulum and the nucleus, but all glutathione 
is synthesized within the cytoplasm. It is mainly (>98%) in the thiol-
reduced form (GSH), and the disulphide (GSSG) content is usually <1% of 
total glutathione. GSSG forms upon oxidation and is reduced by NADPH-
dependent glutathione reductase. And the ratio of GSH to GSSG is critical 
to cellular redox balance. Cellular GSH to GSSG redox state varies in 
association with proliferation, differentiation and apoptosis or necrosis 
(Hansen et al., 2006). GSH participates as an antioxidant both by acting as a 
thiol buffer, directly reacting with protein thiols and ROS/RNS, and also by 
serving as a substrate for the glutathione peroxidases (Hurd et al., 2005). 
Changes in the cellular redox status (mainly due to a decrease in the 
GSH/GSSG ratio and/or depletion of GSH by the metabolism of drugs or 
other xenobiotic substances) as well as an increase in ROS and/or RNS 
generation (e.g., during inflammation), i.e., oxidative or nitrosative stress, 
may induce reversible formation of mixed disulfides between protein 
sulfhydryl groups (PSH) and glutathione (a mechanism called S-

glutathionylation) on multiple proteins, which makes of cellular glutathione 
a crucial modulating factor for an ever increasing number of proteins. 

 
 
2.2 Glutathionylation 
GSH can be reversibly bound to protein cysteinyl residues (PSHs) 
generating S-glutathionylated proteins (PSSG). Briefly, the addition of GS− 
to low-pKa Cys residues in proteins is a post-translational modification of 
key importance in redox regulation. S-Glutathionylation results in protein-
specific functional changes (activation or deactivation), which are important 
in the regulation of signalling mediators involved in cellular processes. This 
protects sensitive protein thiols from irreversible oxidation during oxidative 
stress (Adachi et al., 2004a; Adachi et al., 2004b; Clavreul et al., 2006a; 
Clavreul et al., 2006b) and might also serve as a storage form of GSH to 
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prevent loss of GSH under oxidative conditions, because GSSG would 
otherwise be exported from the cell. Albeit S-glutathionylation is usually 
considered a modification occurring in response to oxidative or nitrosative 
stress, it also occurs under basal physiological conditions (Wang et al., 
2001; Silva et al., 2008) indicating its possible involvement in the 
modulation of protein activity (redox regulation) and redox signalling. This 
has rapidly increased the interest in S-glutathionylated proteins in the past 
few years and the list of proteins demonstrated to be S-glutathionylated 
increases continually. The fact that PSSG are involved in numerous 
physiological processes such as growth, differentiation, cell cycle 
progression, transcriptional activity, cytoskeletal functions, and metabolism, 
suggests that S-glutathionylation is a general mechanism of redox 
regulation. In fact, whereas post-translational modifications such as 
phosphorylation, acetylation, and ubiquitinylation have been well 
established and understood for many years, the concept of protein S-
glutathionylation as a post-translational regulative modification, as opposed 
to a biomarker of oxidative damage, has gained acceptance only more 
recently (Giustarini et al., 2004; Fratelli et al., 2005; Ghezzi, 2005). 
Interestingly, protein S-glutathionylation has several characteristics required 
for a signalling mechanism. However, some basic criteria should be met: (i) 
reversibility, (ii) specificity (i.e. S-glutathionylation should occur on 
specific cysteine residues of particular proteins), (iii) physiological stimulus 
(i.e. S-glutathionylation should occur in intact cells in response to a 
physiological stimulus and elicit a physiological response) and (iv) target 
protein activity and related cell function should be modified (Shelton et al., 
2005). Partial fulfilment of these criteria has been convincingly 
demonstrated for several proteins in different cell types (Clavreul et al., 
2006a; Fiaschi et al., 2006; Pan and Berk, 2007).  
S-glutathionylation can be reversed, and therefore regulated, by 
deglutathionylation, by means of reactions catalysed by the thiol-disulphide 
oxidoreductases (Grx, also known as thioltransferases) (Shelton et al., 
2005). S-glutathionylation can also be reversed via direct thiol–disulphide 
exchange reactions with GSH after restoration of a reducing GSH:GSSG 
ratio, but this mechanism, in general, is not efficient relative to Grx-
catalysed exchange. Grx also catalyses the GSSG-dependent PSSG 
formation and, in model studies with isolated proteins, can also enhance the 
rate of S-glutathionylation in the presence of glutathione thiyl radical (GS.), 
despite high GSH content (Starke et al., 2003). 
A wide range of proteins have been identified as potentially regulated by 
reversible S-glutathionylation (either inhibited (Cross and Templeton, 2004; 
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Chen and Ogut, 2006; Pan and Berk, 2007) or activated (Adachi et al., 
2004a; Clavreul et al., 2006b; Chen et al., 2007). Various studies enabled 
the identification of different metabolic enzymes susceptible to redox 
regulation by S-glutathionylation, as the glycolytic enzyme GAPDH which 
was shown to be inactivated in an “in vitro” system using the purified 
human enzyme and GSSG (Cotgreave et al., 2002). Other glycolytic 
enzymes can undergo S-glutathionylation in primary rat hepatocytes and in 
human HepG2 hepatoma cells exposed to artificial oxidant conditions 
(H2O2, diamide or menadione) (Fratelli et al., 2003), thus indicating that S-
glutathionylation could coordinate cellular metabolism in response to 
oxidative stress by modulating glycolysis. In the post-ischemic 
myocardium, it has been found that S-glutathionylation activates 
mitochondrial complex II in vivo (Chen et al., 2007). Recent work has 
illustrated that mitochondrial complex I within intact, oxidatively stressed 
(with the thiol oxidant diamide) mammalian heart mitochondria is S-
glutathionylated only on Cys531 and Cys704 of the 75 kDa subunit, which 
are on the surface of mammalian complex I and exposed to the 
mitochondrial GSH pool (Hurd et al., 2008). Complex I S-glutathionylation 
also occurs in response to mild oxidative stress caused by increased 
superoxide production from the respiratory chain (Hurd et al., 2008).  
Furthermore, many signalling molecules and transcription factors 
fundamental for cell growth, differentiation and apoptosis are regulated by 
S-glutathionylation. For instance, S-glutathionylation plays a key part in the 
regulation of the kinase activity of PTP1B (Rinna et al., 2006) and MEKK1 
in response to oxidative stresses (Cross et al, 2004). S-glutathionylation is 
apparently also implicated in the regulation of the nuclear factor kB (NF-
kB) signalling pathway at multiple levels (Reynaert et al., 2006; Qanungo et 

al., 2007). 
Cytoskeletal arrangements and intracellular trafficking can also be regulated 
by S-glutathionylation. Indeed, growth-factor-mediated actin 
polymerization into filaments, translocation to the cell periphery and 
membrane ruffling are physiologically regulated by S-glutathionylation and 
de-glutathionylation, the effect of which on actin assembly has been 
demonstrated in vitro (Wang et al., 2001; Dalle-Donne et al., 2003). 
 

 

2.3 Metalloproteins 
Metalloproteins comprise about a third of all structurally characterized 
proteins, and a significant portion of metalloproteins contain a Zn2+ ion that 
is coordinated in a tetrahedral configuration by protein-specific 
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combinations of Cys thiols and/or His imidazole nitrogens. This 
coordination forms zinc-finger domains within transcription factors that are 
essential in protein–nucleic-acid interactions. In addition, Cys thiols 
participate in coordinating active-site Zn2+ within metalloproteins and in 
metal-thiolate prosthetic complexes in a range of other proteins. 

 

 
Metallothioneins 
Metallothioneins (MTs) are a family of small (~7 kDa) metal-binding 
proteins (Kagi and Schaffer, 1988; Vasak and Hasler, 2000) with the 
highest known metal content after ferritins. Four distinct mammalian MT 
isoforms, designated MT-1 through MT-4, have been detected and 
investigated so far (Vasak and Trace, 2005). MT-1 and MT-2 are found in 
all organs, whereas MT-3 is expressed mainly in the central nervous system, 
and MT-4 is most abundant in stratified tissues. All four isoforms are 
composed of a single polypeptide chain of 61–68 amino acids, 20 of which 
are highly conserved cysteine residues, while histidine and aromatic amino 
acids are completely absent in all of them. The high amount of cysteine 
residues in MTs allow these proteins to coordinate a wide range of mono 
(i.e. Cu+, Ag+) or divalent metal ions (i.e. Zn2+, Cd2+, Hg2+), although they 
are mainly found in association with zinc (Duncan et al., 2006). X-ray 
crystallography and NMR spectroscopy show that the protein is arranged in 
two domains designated α (C-terminal domain) and β (N-terminal domain), 
whom cysteines are organized in “cluster” formations that envelope the 
metal atoms (Fig. 3) (Braun et al., 1992; Romero-Isart and Vasak, 2002). 
Mammalian MTs usually bind seven divalent metal ions and up to twelve 
monovalent copper ions, partitioned into the two metal-thiolate clusters 
(Bogumil et al., 1998; Faller et al., 1999). 
Although the physiological role of MTs remains a matter of intense study 
and debate (Palmiter, 1998), they have been proposed to play an important 
role in zinc homeostasis (Li et al., 1980; Kagi and Schaffer, 1988) and 
heavy metal detoxification (Cherian et al., 1994). In addition, it has been 
reported that MTs act as radical scavengers under oxidative stress 
(Thornalley and Vasak, 1985; Sato and Bremmer, 1993). Accumulating 
evidence indicates that cells with low levels of intracellular MT are more 
susceptible to DNA damage and apoptotic death after exposure to stress 
stimuli including oxidative stress, whereas prior induction of MT appears to 
confer protection. 
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Figure 3. A) The α- and β-zinc-binding domains of MT: three metals are bound in an M3Cys9 
N-terminal domain, while an M4Cys11 four metal cluster is formed in the C-terminal domain. 
B) The structure of rat Cd5Zn2MT-2 (PDB ID: 4MT2). Four cadmium atoms are bound in the α 
domain with one cadmium and two zinc atoms bound in the β-domain: Cd (green) with Zn 
(blue) and S (gold). (from Bell and Vallee, 2009). 

 
 
MTs play pivotal roles in metal-related cell homeostasis due to their affinity 
for metals, in particular zinc and copper for cell growth and development, 
and cadmium and mercury to avoid the toxicity of the latter two metals 
(Vallee and Falchuk, 1993). MTs bind zinc with high binding affinity and 
also distribute cellular zinc, because zinc undergoes rapid inter- and 
intracluster exchange (Otvos et al., 1993). In general, all isoforms of zinc-
bound MTs are antioxidant agents because the zinc-sulphur cluster is 
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sensitive to changes of the cellular redox state. Oxidizing sites induce 
transfer of zinc from its binding sites in MTs to those of lower affinity in 
other proteins (Maret and Vallee, 1998), as for superoxide dismutase 
activation (Suzuki and Kuroda, 1995). Therefore, the redox properties of 
Zn-MTs are crucial for their protective role against cytotoxic effect of ROS, 
ionizing radiation, and heavy metals toxicity (Palmiter, 1998). 
Furthermore, the biological role of MTs is crucial in antioxidative and 
immune responses during ageing and age-related diseases (Nath et al., 
2000). Among the different functions, MTs constantly retrieve Zn2+ from 
plasma and tissues. This, induce low Zn ion bioavailability and, 
consequently, impair immune responses (Mocchegiani et al., 1998). Thus, 
MTs may not be the donors of Zn2+ in ageing but rather sequesters of Zn2+, 
resulting in down-regulation of many biological functions related to Zn, 
such as metabolism, gene expression and signal transduction. Furthermore, 
it is suggested that low Zn ion bioavailability is crucial for entire immune 
efficiency in ageing (Mocchegiani et al., 1998). Moreover, because of the 
preferential binding of MTs with Zn rather than copper in ageing (Hamer, 
1986; Mocchegiani, 2002), different roles of MTs (from protective to 
dangerous) may be further supported because of Zn deficiency in ageing, 
and Zn ion bioavailability is essential for immunity in ageing and age-
related disease (Wellinghausen et al., 1997). 
Another possible key player in the role of MTs in signal transduction might 
be NO, which was shown, both in vitro (Kroncke et al., 1994; Misra et al., 
1996; Aravindakumar et al., 1999) and in vivo (Schwarz et al., 1995; Pearce 
et al., 2000), to interact with MTs and thereby releases bound zinc and 
cadmium. 
 
 

Specificity protein 1 
Specificity protein 1 (Sp-1) was the first mammalian transcription factor to 
be identified and cloned (Kadonaga et al., 1987). It is member of a family 
of zinc finger transcription factors, which includes at least four Sp isoforms 
(Philipsen and Suske, 1999; Black et al., 2001). These transcription factors 
play important roles in a wide variety of physiological processes including 
cell growth, differentiation, apoptosis, angiogenesis, and immune response, 
to name just a few.  
Sp-1 is a 785-amino-acid, 100- to 110-kDa, protein which structure includes 
a transcription activation domain at the N-terminal and three C2H2-type zinc 
fingers located at the C-terminal domain through which interacts with DNA 
(Kadonaga et al., 1988), and that are highly conserved in all Sp family. It is 
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a nuclear transcription factor that regulates gene expression via multiple 
mechanisms. It binds GC-rich motifs with high affinity (Briggs et al., 1986) 
and can regulate the expression of TATA-containing and TATA-less genes 
via protein-protein interactions or interplay with other transcription factors 
(Ammanamanchi et al., 1998). Sp-1 was once thought to serve mainly as a 
constitutive activator of housekeeping genes. However, growing evidence 
indicates that phosphorylation, acetylation, sumoylation, ubiquitylation, and 
glycosylation are among the posttranslational modifications that can 
influence the transcriptional activity and stability of Sp-1. 
Also of note for this study is the finding that zinc finger transcription factors 
are involved in redox signalling pathways, possibly as redox sensors (Adler 
et al., 1999; Knapp and Klann, 2000). Moreover, there is evidence 
demonstrating that Sp-1 transcriptional regulatory effects can be modified 
by high levels of oxidative stress (Shafer et al., 2003). It has been observed 
that the DNA-binding activity of Sp-1 is affected directly by the redox 
status of the cell, possibly due to the critical functional role of its free-SH 
groups (Ammendola et al., 1994; Wu et al., 1996; Larabee et al., 2005). The 
DNA-binding activity of Sp-1 shows a dramatic age-dependent decline. 
Indeed, it has been observed that Sp-1 binding activity decreases in nuclear 
extracts from 30-month-old rat tissues compared to those from young ones, 
although its gene appears to be normally expressed (Ammendola et al., 
1992).  
 
 

2.4 Aim of the work 
Nitric oxide is a signalling molecule involved in a wide variety of physio-
pathological processes. Increased NO levels can promote cellular 
components damage and it’s well established that accumulation of 
oxidatively modified proteins is an important hallmark of biological ageing 
and pathological situations associated with oxidative/nitrosative stress. 
Thiols on sensitive proteins are commonly assumed to be a major target for 
NO, and the biological role for NO in the S-nitrosylation of many proteins is 
emerging as an important regulatory system. 
Modifications induced by chronic oxidative/nitrosative stress conditions, if 
irreversible, are usually associated with permanent loss of function and may 
lead to the elimination or to the accumulation of the damaged proteins. 
Thus, reversible modifications, as S-glutathionylation, have been suggested 
to have a dual role:  protection from cysteine irreversible oxidation and 
modulation of protein function.  
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Among the wide list of proteins demonstrated to be susceptible to oxidative 
cysteine modifications, as S-nitrosylation, we focused on some 
metalloproteins that play fundamental roles in cellular functions, and whose 
activity has been shown to be affected during ageing and age-related 
disorders. 
In this context, aim of the first part of this research project was to study the 
effects of NO signalling at the level of protein modifications upon 
oxidative/nitrosative stress. In particular, we assume that a role can be 
devised for S-glutathionylation, an oxidative reversible protein 
modification. Thus, we wondered whether the S-nitrosylable Cys residues 
of MTs and Sp1 might be highly reactive to S-glutathionylation as well.  
 

 
 
2.5  RESULTS AND DISCUSSION 
 

Identification of MT cysteine residues hypothetically susceptible to S-

glutathionylation 

It is accepted that the structural environment of the NO-reactive cysteine is 
critical for other well-known modifications of cysteine residues, i.e., S-
nitrosylation (Ascenzi et al., 2000). Indeed, the solvent accessibility of the 
thiol group largely determines cysteine reactivity. In addition, the presence 
of basic residues in the vicinity of cysteines facilitates deprotonation of the 
thiol group, thus increasing its reactivity. It is tempting to speculate that the 
same ‘‘activated’’ cysteine residues may be highly reactive to S-
glutathionylation as well. Thus, we first examined whether MT protein 
could contain cysteine residues hypothetically susceptible to the S-
glutathionylation reaction.  
Rat liver MT three-dimensional structure has been analyzed (PDB code 
4MT2) (Braun et al., 1992) to reveal structural characteristics that allow 
hypothesizing the likely S-glutathionylation sites. First, the accessible 
surface area of Cys residues Sc atom has been measured. As can be seen 
from Table 1 and Fig. 1, only for three Cys residues the measured values are 
significantly different from zero: Cys7, Cys13, and Cys59. Two out of these 
latter residues (i.e., Cys7 and Cys13) are located in the N-terminal domain 
of MT which has been previously shown to be the selective target of S-
nitrosothiol formation (Zangger et al., 2001). Then, MT structure has been 
inspected to analyze the structural microenvironment of Cys residues as far 
as the presence of basic and acidic residues is concerned. From Fig. 1, it can  
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Figure 1. Schematic representation of the three-dimensional structure of rat 

MT. For clarity only the Cys residues and the charged residues are shown in stick 
representation. Metal ions are shown as spheres. The figure was made using Chimera 
(Pettersen et al., 2004). 
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be seen that two Cys residues located in the N-terminal domain of MT, 
Cys19, and Cys21, are less than 5 A˚ away from two Lys residues, Lys31 
and Lys22. No other cysteine residue has charged residues in its immediate 
structural neighbourhood. 
Based on the above considerations, it seems likely that Cys residues of the 
N-terminal domain, given their solvent accessibility, are the likely targets of 
S-glutathionylation, taking also into account the higher bulkiness of 
glutathione as compared to NO. Further, the observation that two Cys 
residues of MT N-terminal domain have basic residues in their immediate 
neighbourhood indicates that these residues can be more reactive, especially 
in the case that partial apo forms of MT are present. 
 
 
S-glutathionylation of MT induced by oxidant agents 

In order to verify whether MT could be susceptible to S-glutathionylation 
under oxidative/nitrosative stress conditions, we exposed commercially 
available MT purified from rabbit liver to the oxidant agent S-

nitrosoglutathione (GSNO). GSNO is the S-nitrosothiol of GSH and it could 
be the most relevant biological molecule to carry out nitrosation reactions 
under physiological conditions (Meyer et al., 1994; Arnelle and Stamler, 
1995; Padgett and Whorton, 1995). Moreover it has been shown to cause 
rapid, extensive, and reversible S-glutathionylation of a number of cell 
proteins (Kosower and Kosower, 1995; Fratelli et al., 2002; Dalle-Donne et 
al., 2005; Rossi et al., 2006). 
To this purpose purified MT was incubated in vitro with increasing 
concentrations of GSNO (0, 0.25, 0.5, 1, 2, and 5 mM) for 30 min at 37 °C 
(Fig. 2). Western blot analysis was performed under non reducing 
conditions, and probing the membrane with a monoclonal antibody raised 
against MT and a monoclonal anti-GSPro antibody, which specifically 
reacts with glutathione bound to proteins. Fig. 2A shows a dose-dependent 
increase of S-glutathionylated MT that correlates with the raising GSNO 
concentration. Densitometric analysis revealed that the signal gradually 
increased and reached a peak in correspondence of 2 mM GSNO treatment 
(Fig. 2C). In addition, glutathionylated MT was found to run mainly as a 14 
kDa band (Fig. 2A), with a minor portion running at 28 kDa in 
correspondence of the highest GSNO concentration (data not shown). 
Probing the membrane with the anti-MT antibody, a 6–7-kDa 
immunoreactive band was mainly detected in untreated MT (Fig. 2B, lane 
1) as well as in GSNO-treated MT (Fig. 2B, lanes 2–6), consistent with the 
reported molecular weight of the MT’s monomeric form. In addition, it is 
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interesting to note that the treatment with GSNO induced the progressive 
appearance of lower mobility immunoreactive bands, with molecular 
masses (multiple of 6–7 kDa) apparently corresponding to different 
oligomeric forms of MT. As reported by the densitometric analysis in Fig. 
2D, the MT dimer running at 14 kDa was the main product. These results 
are in line with previous data concerning the propensity of MT protein to 
form stable complexes and aggregates under oxidative stress conditions 
(Hou et al., 2000; Oppermann et al., 2001; Suzuki et al., 1998; Vallee et al., 
1991; Whitacre, 1996; Wilhelmsen et al., 2002), and suggest that S-
glutathionylation mainly induces dimerization of MT. 

 
 
 
 
 
 

 
 

Figure 2. Effect of GSNO on MT protein thiols. Western blot analyses of S-

glutathionylation of MT induced by GSNO treatment. Treatment of MT with GSNO induces a 
dose-dependent S-glutathionylation of MT (A) and the progressive appearance of 
immunoreactive bands with molecular masses (multiple of 6–7 kDa) apparently corresponding 
to different oligomeric forms of MT (B). For quantification, glutathionylated MT (C) and MT 
(D) bands have been analyzed with the Multi-Analyst PC version 1.1 program. After setting to 
1 the ratio MTs-SG/MT from untreated MT (lane 1), values for the other samples have been 
calculated relative to it. Results are representative of three independent experiments. (MTs-SG: 
glutathionylated MT) 



20 
 

To confirm the results obtained by SDS–PAGE (Fig. 2) and actually to 
show at once the total amount of immunoreactive MT, dot blot analysis of 
MT glutathionylation has been performed. Again, MT was exposed to 
varying concentrations of GSNO; after 30 min of incubation, samples were 
treated with the alkylating agent NEM, to block residual free thiols. 
Samples were then analyzed by dot-immunobinding assay using 
monoclonal antibodies raised against GSPro or MT. As expected, results 
(shown in Fig. 3A) were similar to those observed through Western blot 
analysis: indeed treatment with GSNO induced progressively higher levels 
of MT S-glutathionylation, as validated by densitometric analysis (Fig. 3B). 
To verify whether the increased glutathionylation of MT detected in 
samples might be correlated with the formation of protein-mixed 
disulphides, a parallel set of samples were incubated with the reducing 
agent DTT after exposure to GSNO, to reduce any S-thiolated cysteine. In 
Fig. 3A is shown that treatment with 10 mM DTT completely reverses S-
glutathionylation of MT, as demonstrated by the disappearance of the 
immunostained spots, suggesting that mixed disulfides are formed by the 
presence of GSNO.  
Thus, both Western blot and dot blot analyses have unequivocally shown 
that MT can be S-glutathionylated in vitro. Furthermore, it appears that 
glutathionylation is accompanied by polymerization of MT, suggesting that 
modification of Cys residues could be one of the structural determinants at 
the basis of the well-known tendency of MT to aggregate. 

 

 
 

Figure 3. Dot blot analyses of MT S-glutathionylation MT induced by GSNO 

treatment. Treatment of MT with GSNO induces a dose-dependent S-glutathionylation of 
MT (A). Dot blot analysis confirms the GSNO-induced S-glutathionylation of MT in the 
presence of 5 mM NEM, an effect being reversed by treatment with DTT. (B) Estimates of the 
amounts of glutathionylated MT (MTs-SG) have been obtained by dividing the optical density 
of the area of the relative spot with the same area of the MT protein spot (A). Results are 
representative of three independent experiments. 

A 

 

B 
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Next, the effect of the highly specific thiol oxidant diamide (Kosower and 
Kosower, 1995) and of the physiologically occurring oxidant H2O2 were 
tested under identical conditions. Such agents act by different oxidizing 
mechanisms and, as GSNO, have been reported to promote S-

glutathionylation on a number of cysteine-containing proteins (Kosower and 
Kosower, 1995; Fratelli et al., 2002; Dalle-Donne et al., 2005; Rossi et al., 
2006). Diamide and H2O2 promote formation of glutathione-protein mixed 
disulfides in different ways: H2O2 forms GSSP, via GSSG, according to the 
reaction, GSSG + PSH --> GSSP + GSH; whereas diamide reacts first with 
protein -SH groups, giving PS-diamide adducts and then, after reaction with 
GSH, GSSP.  

 
 

Figure 4. Effect of diamide and H2O2 on MT protein thiols. Dot blot analysis of S-

glutathionylation of MT induced by treatment with diamide and H2O2. Treatment of MT with 
diamide (A) and H2O2 (B), both in the presence of 1 mM GSH, is able to induce a dose-
dependent increase of S-glutathionylation. DTT (10 mM) completely reverses S-

glutathionylation of MT induced by diamide (E) and H2O2 (F). Estimates of the relative 
amounts of glutathionylated MT induced by diamide (C) and H2O2 (D) have been obtained by 
measuring the optical density of the area of MTs-SG spot. After setting to 1 the ratio MTs-
SG/MT from untreated MT (lane 1), values for the other samples have been calculated relative 
to it. Results are representative of three independent experiments. (MTs-SG: glutathionylated 
MT) 
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To this end, MT from rabbit liver was exposed to different concentrations of 
diamide (0, 0.1, 0.2, 0.5, 1, and 2 mM) and of H2O2 (0, 0.2, 0.5, 1, 2, and 5 
mM), both in the presence of 1 mM GSH for 30 min at 37°C. Samples were 
then processed for dot-immunobinding assay as described above. Consistent 
with data obtained with GSNO treatment, both diamide (Fig. 4A and B) and 
H2O2 (Fig. 4C and D) induced a dose-dependent increase of S-

glutathionylated MT in presence of GSH. Again, samples treated with 10 
mM DTT showed a complete reversion of diamide and H2O2-induced S-

glutathionylation, as demonstrated by the loss of the immunostained spots 
(Fig. 4E and F, respectively), thereby providing strong evidence, also in this 
case, that S-glutathionylation of MT protein is related to the formation of 
protein-mixed disulphides induced by oxidants exposure. As a result, our 
analyses showed that MTs can be S-glutathionylated in vitro by different 
oxidizing agents acting through diverse mechanisms. 
 

 
S-glutathionylation of MT in peripheral blood mononuclear cell extracts 

Data presented so far demonstrate that S-glutathionylation of MT can be 
induced in vitro by a number of oxidizing agents. The question now is 
whether MT can be found glutathionylated in vivo. To address this point, 
peripheral blood mononuclear cell (PBMC) lysates were 
immunoprecipitated with a polyclonal antibody against MT, and 
immunoprecipitates were processed by Western blot analysis, under non 
reducing conditions. An MT-immunoreactive band was present in all 
extracts of PBMC (Fig. 5A). Noteworthy, MT was found to be highly 
aggregated under our experimental conditions, and it was also found to be 
reactive toward the anti-GSPro antibody (Fig. 5B). The glutathionylation 
level was completely reversed by the subsequent addition of 10 mM DTT 
for 30 min at 37°C (data not shown). These results indicate that MT proteins 
can be found heavily glutathionylated in cellular extracts as well as in vitro 
conditions. This might be an important finding in light of the fact that under 
physiological conditions MT S-glutathionylation may represent an 
antioxidant device that reduces the impact of oxidative stress (e.g., 
associated with ageing), but at the same time can modulate protein activity 
if critical protein thiols are involved. 
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Figure 5. Western blot analysis of S-glutathionylation of MT in peripheral 

blood mononuclear cell extracts. Lysates of PBMC from voluntary healthy donors (lanes 
1–8) were immunoprecipitated with a polyclonal antibody raised against MT, and 
immunoprecipitates were analyzed by non reducing Western blot using monoclonal antibodies 
against MT or GSH-Pro. Under our experimental conditions, MT is found to be highly 
aggregated (A) and heavily glutathionylated (B). 

 
 
Levels of S-glutathionylated endogenous MTs in different age groups 

In an attempt to correlate MT glutathionylation and the oxidative/nitrosative 
stress that can occur in the ageing process, we investigated whether 
endogenous MT S-glutathionylation levels might show an alteration upon 
ageing. To this purpose, we tested PBMC isolated from individuals of 
different age groups. We screened PBMC obtained by more than 180 
individuals processing total cellular protein extracts for MT 
glutathionylation analysis, as described above. Briefly, total protein extracts 
were immunoprecipitated with an anti-MT antibody; immunoprecipitates 
were loaded in polyacrilammide gels and subjected to non-reducing SDS-
PAGE, followed by probing membranes with an anti-GSPro antibody. 
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Obtained results were then processed and statistically analysed: the 
histogram in Fig. 6 shows that endogenous MT S-glutathionylation levels 
are high in younger subjects and dramatically fall in the 80-85 years old 
group, whereas individuals older than 85 years tend to behave like the 
younger ones. These results can be rationalized suggesting that S-
glutathionylation could represent a mechanism that protects critical protein 
cysteines from the irreversible oxidation, thus preventing permanent loss of 
function as a consequence of oxidative insults usually occurring upon 
ageing. However, under chronic stress conditions probably S-
glutathionylation is not able to protect protein against irreversible post-
translational modifications. Furthermore, we analysed endogenous S-
glutathionylated MT levels in individuals belonging to different age groups 
subjected to supplementation with zinc, whose antioxidant properties have 
been demonstrated (Powell, 2000). Unexpectedly, we found that zinc 
supplementation did not appreciably modify endogenous S-glutathionylated 
MT level (data not shown). These results can be explained if we assumed 
that, in order to be effective, the zinc protective mechanisms must occur in 
the young age, when oxidative/nitrosative stress conditions are usually 
transient.  
 
 

 
Figure 6. Levels of S-glutathionylated endogenous MTs in different age groups. 
PBMC isolated from individuals of different age groups were lysed and subjected to 
immunoprecipitation with polyclonal anti-MT antibody. Immunoprecipitated samples 

were analyzed by non reducing Western blot using monoclonal antibodies against MT or GSH-
Pro. Results has been analysed by densitometry. 
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S-glutathionylation of endogenous Sp-1 in PBMC 

The DNA binding region of the transcription factor Sp-1 is made up of three 
zinc-finger domains in which a zinc ion is coordinated by two Cys and two 
His residues (Oka et al., 2004). Analysis of the structure of the three zinc-
fingers domains (Fig. 7) reveals the conservation of a Lys residue (Lys546, 
Lys576, and Lys604, in domains 1, 2 and 3, respectively) in the vicinity of 
one of the zinc coordinating cysteine residues (Cys544, Cys574, and 
Cys602, in domains 1, 2 and 3, respectively). Interestingly, it has been 
demonstrated that Sp-1 is S-nitrosylated and that NO affects the DNA 
binding activity of Sp-1 (Jeong et al., 2004). The latter effect may be 
mediated by S-nitrosylation of the above mentioned cysteine residues, 
facilitated by electrostatic interactions with the Lys residues, which would 
concomitantly lead to zinc release and impairment of the DNA binding 
ability of Sp-1. On the basis of these considerations, it is conceivable that 
the same ‘‘activated’’ cysteine residues are potential S-glutathionylation 
sites of the Sp-1 transcription factor.  

 

 
Figure 7. Structural superposition of the three DNA binding domains of the transcription 
factor Sp-1 (PDB codes 1VA1, 1VA2, 1VA3, Oka et al., 2004). The backbone of domains 1, 2 
and 3, and the corresponding Lys residues (Lys546, Lys576, and Lys604), enclosed in a yellow 
circle, are colored white, red and blue, respectively. The green sphere represents the zinc ion. 
For clarity, only the zinc binding site of domain 1 is shown. This and the following figure have 
been made with Grasp (Nicholls et al., 1991). 
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In order to evaluate S-glutathionylation of Sp-1 under oxidative/nitrosative 
stress conditions, we exposed PBMC and PBMC protein extracts to the 
oxidizing agent diamide in the presence of 1 mM GSH, for 30 min at 37°C. 
Note that Sp-1 binding activity has been demonstrated to be sensitive to 
oxidation by diamide. As reported in Fig. 8, a GSPro-immunoreactive band 
corresponding to Sp1 protein was present in extracts of both cells and 
proteins diamide-treated samples, thus indicating that Sp-1 is heavily S-
glutathionylated under our experimental conditions. Furthermore, when 
protein extracts were treated with 10 mM DTT following diamide exposure, 
the effect of diamide was reversed, thereby demonstrating the involvement 
of thiol groups (data not shown).  
These findings, although preliminary, lead us to hypothesize, as for MT, a 
role for glutathionylation in protecting Sp-1 from irreversible oxidation or 
in modulating its DNA-binding activity, as it has been extensively 
demonstrated for other posttranslational modifications. Clearly, further 
studies are required, using specific inhibitors, to clarify the roles of Sp-1 
glutathionylation in oxidative/nitrosative stress conditions.  
 

 
Figure 8. Effect of diamide on Sp-1 protein thiols. PBMC and PBMC protein extracts 
were exposed to 1 mM diamide (in the presence of 1 mM GSH only for protein extracts 
treatment). Samples were immunoprecipitated with anti-Sp-1 antibody and Western blot 
performed with anti-GSPro monoclonal antibody (A) and anti-Sp1 antibody (not shown). (B) 
Estimates of the amounts of glutathionylated Sp1 (Sp1-SG) have been obtained by dividing the 
optical density of the area of the relative band with the same area of the Sp1 protein band (not 
shown). (NT: non treated cells; Tc: treatment on cells; Tp: treatment on protein extracts) 
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3. NO signalling through NOS interaction with target 

proteins 
 

As widely described in the first section of this work, NO exerts a broad 
spectrum of functions in several systems. The regulatory actions of NO are 
currently explained by the physiological intracellular concentrations of NO 
and by some well known NO-dependent cell signalling and regulatory 
pathways. Giving that NO is a free radical gas with a half-life of a few 
seconds, physical interactions of each of the major NOS isoforms with 
heterologous proteins have emerged as a mechanism by which the activity, 
spatial distribution, and proximity of the NOS isoforms to regulatory 
proteins and intended targets are governed. Recent studies have emphasized 
the role of physical association of NOS isoforms with a variety of 
regulatory and structural proteins. These interactions may be categorized as 
constitutive interactions and inducible or signal-dependent interactions. 
 

Interaction of neuronal NOS (nNOS or NOS-I) with mitochondrial 
cytochrome c oxidase (CcOX) plays a crucial role in mediating the 
inhibitory action of NO on  CcOX activity, this effect being reversible and 
in competition with molecular oxygene (Brown and Cooper, 1994; Cooper 
and Giulivi, 2007). It is noteworthy that nNOS is unique among NOS 
isoforms, since its N-terminus contains a PDZ (post-synaptic density 
protein-95, discs-large, Z0-1) domain that allows interactions of this 
enzyme with different proteins in specific regions of the cell. Besides its 
involvement in the formation of active nNOS dimers, the nNOS PDZ 
domain is apparently responsible for the interaction of nNOS with the PDZ 
motif of alpha-1-syntrophin in skeletal muscle (Adams et al., 1993; Adams 
et al., 1995), and the second PDZ binding module of the postsynaptic 
density protein 95 (PSD)-95, a member of the membrane-associated 
guanylate kinase that are heavily localized at the post synaptic density of 
neuronal cells (Brenman et al., 1996) and the related protein, PSD-93 
(Brenman et al., 1996). 
Notably, the nNOS PDZ domain recognizes and binds short amino acid 
sequences at the C-terminal of protein targets. In particular, a 
comprehensive study in which 13 billions distinct peptides were screened 
for their ability to tightly bind to the PDZ domain of nNOS demonstrated 
preferential binding of peptides ending with Asp-X-Val-COOH (Stricker et 

al., 1997), a consensus sequence observed in various proteins that binds 
nNOS (Jaffrey et al., 1998; Tochio et al., 1999; Riefler and Firestein, 2001). 
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3.1 Mitochondrial NOS interaction with CcOX 

Mitochondria are major cellular sources of superoxide anion, whose 
reaction with NO yields peroxynitrite, which irreversibly modifies 
susceptible targets within mitochondria and induces oxidative/nitrosative 
stress. Consequently, mitochondria are important targets of NO and 
contribute to several of the biological functions of NO (Ghafourifar and 
Colton, 2003). 
Many studies have reported the presence in mitochondria of a constitutively 
active mtNOS whose activity were reported first in mitochondria from rat 
liver (Ghafourifar and Richter, 1997). Although the occurrence and 
functions of mtNOS have been confirmed in many tissues, organs and cells, 
the isozyme of NOS that accounts for mtNOS is still a matter of debate. 
However the similarity between mtNOS and nNOS has been observed in 
several studies (Kanai et al., 2001; Riobo et al., 2002; Kanai et al., 2004). 
And in 2002, the mtNOS from rat liver mitochondria has been sequenced 
and identified as an inner membrane protein and as the transcript of nNOS, 
splice variant alpha (Elfering et al., 2002). 
 
 
 

 

Figure 1. Solid state model of mtNOS and the supercomplexes of the 

mitochondrial respiratory chain. Nitric oxide, product of mtNOS activity, regulates 
mitochondrial respiration by the reversible and O2-competitive inhibition of cytochrome c 
oxidase. The physiological activity of mtNOS is regulated by innermembrane potential and by 
the electron transfer through NADH-dehydrogenase. The supercomplex complex I-complex 
IV-mtNOS constitutes a hydrophobic domain that is sensitive to the mitochondrial oxidative 
damage (from Navarro and Boveris, 2008). 
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Crossed immunoprecipitation and kinetic evidence suggest that mtNOS is 
structurally attached to both complex I (NADH-ubiquinone reductase) and 
to complex IV (cytochrome c oxidase) (Persichini et al., 2005; Franco et al., 
2006) (Fig. 1). The structural vicinity of mtNOS and cytochrome oxidase 
add to the consideration of a physiological regulatory role of NO in cell 
respiration. 
 
The first evidence of a physical association between mtNOS and CcOX has 
been reported in our laboratory, as demonstrated by experimental and 
molecular modeling studies (Persichini et al., 2005). In particular, careful 
analysis of linear sequences of all thirteen CcOX subunits, demonstrated 
that the last eight amino acids of subunit Va of CcOX are Glu-Glu-Leu-Gly-
Leu-Asp-Lys-Val-COOH, the last three residues representing the consensus 
sequence for nNOS PDZ binding, previously unreported in the enzyme and 
similar to the one found in the melatonin receptor and CtBP. 
In order to verify the structural compatibility between the C-terminal tail of 
subunit Va of CcOX and the PDZ domain of mtNOS, we built a molecular 
model of the complex formed by the last nine amino acids of CcOX subunit 
Va and the PDZ domain of nNOS (Fig. 2), by using the structure of the 
nNOS PDZ domain in complex with a synthetic heptapeptide derived from 
the C-terminal domain of the melatonin receptor (melR-PDZ) (Persichini et 

al., 2005). In detail, all the relevant interactions characterizing the 
complexes of nNOS PDZ domain with peptides displaying the Asp-X-Val-
COOH consensus sequence are conserved in the model complex. In 
particular, the terminal carboxyl group of the peptide is involved in a strong 
electrostatic interaction with the ammonium group of Lys16, while the Asp 
residue in position -2 preserves the interactions with Tyr77 and Arg79. The 
Leu-Gly-Leu sequence is easily accommodated in a hydrophobic pocket of 
the PDZ domain, mainly formed by Val32, Val41 and Leu72, stabilizing 
further the complex through the formation of a "mini hydrophobic core". In 
addition, an electrostatic interaction occurs between the Glu residue in 
position -7 of the peptide and Lys27 of the PDZ domain. Noteworthy, 
neither the latter interaction nor the "mini hydrophobic core" are observed 
in the melR-PDZ complex. Thus, the binding between nNOS and CcOX 
appears to involve stereochemical interactions tighter than those regulating 
the association of nNOS with the melatonin receptor, consistent with the 
biological relevance of the nNOS/CcOX interaction. 
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Fig. 2. Molecular modeling of the complex mtNOS-I–CcOX. Panel A: Schematic 
representation of the NOS-I PDZ domain in complex with a synthetic heptapeptide derived 
from the C-terminal domain of the melatonin receptor (melR–PDZ, PDB code 1B8Q) (Tochio 
et al., 1999). Panel B: Three-dimensional model of the complex between the last nine amino 
acids of CcOX subunit Va and the PDZ domain of NOS-I (for details see text). Panel C: Model 
of the NOS-I–CcOX interaction complex; the subunit Va of CcOX is shown in red, the NOS-I 
PDZ domain is shown as molecular surface. The figure was made with Grasp (Nicholls et al., 
1991). (from Persichini et al., 2005) 
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An issue that deserves attention is whether and how the interaction between 
the PDZ domain of mtNOS and the C-terminal tail of subunit Va of COX is 
regulated. In other PDZ domain-mediated interactions, control of the 
interaction is accomplished by phosphorylation of the Ser residue in 
position -2 in the C-terminal tail of the interacting protein. This is, for 
instance, the case of the Kir2.3 potassium channel-PSD-95 interaction 
(Cohen et al., 1996). The C-terminal peptide consensus sequence of subunit 
Va of CcOX appears different from the above example in that the Ser 
residue in position -2 is substituted by an Asp residue. However, a scan of 
the PDZ domain of nNOS against the PROSITE database (Hulo et al., 2004) 
revealed a tyrosine protein kinase substrate consensus sequence centred 
around Tyr77. Phosphorylation of Tyr77 would abolish the ability of this 
residue to interact with the Asp residue located in position -2 in the target 
peptide. Thus the regulation of the nNOS/CcOX interaction might rely on a 
mechanism similar to that described for the Kir2.3/PSD-95 interaction, 
dependent, however, on the modification or substitution of a different amino 
acid. 
 
 

3.2 Aim of the work 
As mentioned above, NO production by NOS is finely regulated to dictate 
specificity of its signalling and to limit toxicity to other cellular 
components. Physical interactions of NOS isoforms with heterologous 
proteins have emerged as a mechanism for governing the activity, spatial 
distribution, and proximity of the NOS isoforms to regulatory proteins and 
intended targets. 
Moreover it is well established that the interaction of NO with CcOX plays 
crucial roles in mediating the physiological effects of this short-lived 
messenger. 
This study aimed at verifying whether modifications of nNOS PDZ domain 
are able to regulate its interaction with the target protein CcOX. In 
particular, we wondered if Tyr77 in the nNOS PDZ domain may constitute 
a critical aminoacidic residue through which the interaction between 
mtNOS and the C-terminal tail of Va subunit of CcOX can be regulated. 
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3.3 RESULTS AND DISCUSSION 
 
hnNOS alpha cloning and mutagenesis 

In order to obtain direct evidence for nNOS PDZ Tyr77 implication in 
nNOS-Ccox interaction, we decided to overexpress, in mammalian cells, the 
nNOS and the nNOS(Y77E) mutant where a tyrosine (Tyr77) was mutated 
to glutamic acid. Indeed we hypnotized that this mutation might prevent the 
binding between nNOS PDZ domain and the C-terminal portion of CcOX 
Va subunit.  
To this purpose, we first constructed two plasmids: one for nNOS wt and 
one for nNOS(Y77E) mutant expression in mammalian cells. Briefly, nNOS 
alpha cDNA has been purified from SH-SY5Y human neuroblastoma cells 
following total RNA extraction and subsequent retrotranscription. Full-
length cDNA has been then amplified by using specific primers displaying 
EcoRI/KpnI restriction sites allowing the cloning in the expression vector 
pcDNA3.1. To improve the efficiency of ligation of the PCR product into 
the expression plasmid, we performed a pGEM-T Easy Vector step before 
the cDNA insertion in pcDNA3.1. Then, standard DNA cloning and 
manipulation techniques have been used to obtain wt and Y77E mutant of 
nNOS. Site-directed mutagenesis for the substitution of Tyr 77 with a 
residue of glutamic acid has been carried out using commercial kits and 
verified by DNA sequencing. 

 

 

Over-expression of wild type and mutant nNOS in PC12 cells 

The functionality of the nNOS mutant with respect to the interaction with 
CcOX has been evaluated in vivo, using PC12 cells as a neuronal model 
system. Due to the very high similarity between human and rat NOS, 
efficient protein-protein recognition in the system formed by human NOS 
and rat CcOX can be reasonably expected. 
PC12 cells were transfected with the vectors containing the full-length 
nNOS cDNA, which have been projected to guide the wt and the Y77E 
mutant nNOS expression in mammalian cells under control of the 
constitutive CMV promoter.  
To evaluate the efficiency of cell transfection and verify the levels of 
expression of the recombinant proteins, we performed PCR (data not 
shown), immunofluorescence and Western blot analysis with an antibody 
specific for the nNOS. 
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Immunofluorescence assay, carried out 24 hours after PC12 transfection, 
provided an indication of its efficiency. A representative image of confocal 
analysis reported in Fig. 1A show that lipofectamine transfection efficiency 
is not very high, however in non transfected cells nNOS signal appear 
slower than the one observed in tranfected cells. 
For Western blot experiment, 24 hours after transfection total proteins were 
harvested, lysed and then analyzed using a polyclonal antibody against 
nNOS. As shown in Fig. 1B, an nNOS-immunoreactive band of 160 kDa / a 
160 kDa band corresponding to nNOS was present both in wt and mutant 
cells, whereas in non transfected PC12 cells endogenous nNOS is expressed 
at low levels if compared to the transfected ones. Indicating that this model 
system is suitable for our experiments.  

 
 

Figure 1. Expression of recombinant nNOS in PC12 cells. (A) PC12 non transfected 

(left panel) and wt nNOS transfected (right panel) cells were fixed in 4% paraformaldehyde-
PBS at room temperature, permeabilized with 0.1% triton and then stained with α-nNOS 
(green). Labeled cells were then observed with a confocal laser-scanning microscope. (B) 
Western blot analysis of total cellular lysates of non transfected and transfected cells, 
performed using α-nNOS. (NT: non transfected cells; Twt: nNOS wt transfected cells; Tmut: 
nNOS(Y77E) mutant cells). 
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 Further confirmation of the nNOS over expression has been obtained by 
testing non transfected and nNOS transfected cells for NO production. NO 
levels have been assessed by the DAF-2/DA detection system. Non 
tranfected and transiently transfected PC12 cells were double-stained 
through an incubation with the fluorescent mitochondrial label Mito Tracker 
Red CM-H2Xros and the DAF-2/DA probe (green) as described in 
Materials and Methods section. Then, cells were processed for confocal 
microscopy analysis. As shown in Fig. 2, a basal level of DAF-2/DA 
fluorescence (in green) was observed in non transfected cells, probably due 
to low levels of NO produced by the constitutive forms of NOS or by other 
sources. By contrast, in transfected cells we detected a considerable higher 
NO-fluorescence signal. Additional evidence is provided by the observation 
of the superimposed images. As shown in Fig. 2 (merge panels), in nNOS 
transfected cells, the formation of the DAF-2-derived fluorescent product 
seems to be localized also in mitochondria (labeled with Mito Tracker Red), 
providing a first indication relative to nNOS mitochondrial localization. 
 

 
 

 
 
Figure 2. NO production in PC12 transfected cells. PC12 non transfected (upper 
panel) and wt nNOS transfected (lower panel) cells were grown overnight in 35-mm dishes, 
and then double-labeled with Mito Tracker Red CM-H2Xros and the DAF-2/DA probe (green). 
The cells were washed with PBS and then fixed in 4% paraformaldehyde-PBS at room 
temperature. Fixed cells were observed with a confocal laser-scanning microscope. 
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Mitochondrial Localization of nNOS and co-localization with CcOX 

In an attempt to determine whether Y77E mutation inserted in nNOS cDNA 
could influence the physical interaction between this protein and the Va 
subunit of CcOX, we examined transiently tranfected PC12 cells through 
double immunofluorescence staining and confocal analysis of the two 
proteins. 
At first, we verified the specificity of the anti-CcOX Va antibody 
performing a double staining of PC12 cells, with Mitotracker Red and the 
antibody against CcOX Va subunit revealed by fluorescein-conjugated 
secondary antibody (Fig. 3). As expected, confocal images report a good 
overimposition of the two fluorescence signals, in according with the 
mitochondrial localization of CcOX. 
 
  

 
 
Figure 3. CcOX co-localizes with Mitochondria in PC12 cells. Confocal laser 
scanning microscopy of double immunofluorescence staining performed on PC12 cells. Fixed 
cells were labelled with Mitotracker Red (red) and a-CcOX (green). 
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Having established that the anti-CcOX antibody herein utilized exhibited an 
high specificity for the mitochondrial protein, experiments were performed 
to establish whether nNOS co-localized with CcOX. Moreover possible 
differences in localization between the wild-type and the mutant nNOS 
were investigated under identical conditions. To this end, transiently 
tranfected PC12 cells were analyzed through double immunofluorescence 
staining and confocal analysis of the two proteins. 
In particular, non transfected cells (data not shown) as well as nNOS wt and 
nNOS(Y77E) mutant transfected cells were fixed, permeabilized and 
incubated with a polyclonal anti-nNOS antibody and a monoclonal antibody 
raised against the Va subunit of CcOX. A representative image is reported 
in Figure 4. In both cell types, the CcOX fluorescence (shown in red) 
appeared with the rod shaped feature that is typical of mitochondrial 
morphology. In contrast, nNOS (visualized in green) presents a more wide 
distribution, showing, as expected, the maximum of fluorescence in the 
cytoplasm, but also an intense mitochondrial staining. Unexpectedly, the 
merged images shows that the nNOS co-localizes with CcOX (orange-
yellow fluorescence) both in nNOS wt and in nNOS(Y77E) mutant cells.  
To better investigate this issue, we further analyzed the interaction between 
nNOS and CcOX through co-immunoprecipitation analysis. Non transfected 
and transiently transfected cells were lysed and total protein extracts were 
immunoprecipitated with anti-CcOX Va antibody. Subsequent Western blot 
analysis performed with an antibody against nNOS revealed a strong signal 
in both wt and mutant transfectants, thus showing nNOS and CcOX 
interaction despite  the inserted mutation (Fig. 5A). To further validate this 
interaction, we performed the reverse immunoprecipitation experiment. As 
shown in Figure 5B, immunoprecipitating the same extracts for nNOS and 
probing the filter with the antibody against CcOX Va, we clearly found its 
association with CcOX both in wt and mutant cells. 
Altogether these unexpected results seemed to contrast with our hypothesis, 
suggesting that Tyr77 substitution with a glutamic acid residue actually was 
not sufficient to inhibit nNOS-CcOX interaction in mitochondria. 
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Figure 4. nNOS co-localizes with CcOX in PC12 transfected cells. PC12 cells 
transfected with the nNOS wt or the nNOS(Y77E) mutant plasmid were grown overnight in 
35-mm dishes, and then fixed in 4% paraformaldehyde-PBS at room temperature. Fixed cells, 
after being permeabilized with 0.1% triton were stained with α-nNOS (green) and α-CcOX Va 
(red) and observed with a confocal laser-scanning microscope. (Twt: nNOS wt transfected 
cells; Tmut: nNOS(Y77E) mutant cells) 

 

 
 
Figure 5. Western blot analysis of nNOS and CcOX immunoprecipitation. 
Immunoprecipitation and Western blot analysis on PC12 non transfected and transfected cells. 
(A) nNOS western blot on CcOX Va immunoprecipitation. (B) CcOX Va western blot on 
nNOS immunoprecipitation. (NT: non transfected cells; Twt: nNOS wt transfected cells; Tmut: 
nNOS(Y77E) mutant cells) 
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Molecular modeling 

To deeply investigate the involvement of Tyr77 in nNOS-CcOX interaction, 
we initially examined a three-dimensional model of the complex between 
the last nine amino acids of CcOX subunit Va and the PDZ domain of 
nNOS (Fig. 6). As shown in panel 6B, the aminoacidic substitution in PDZ-
Tyr77Glu leads to a modest shift of the peptide representing the C-terminal 
tail of CcOX Va subunit. Shift that probably is not sufficient to inhibit the 
binding, as the peptide is still in contact with the PDZ binding pocket. 
In an attempt to find a possible mechanism through which the interaction 
between nNOS and the complex IV of the mitochondrial respiratory chain 
might be regulated, we focused on a possible tyrosine phosphorylation 
considering the vast literature that report the phosphorylation-dependent 
modulation of nNOS signalling. Indeed, it has been recently reported that 
trafficking and activation of nNOS is regulated by tyrosine phosphorylation 
through a mechanism involving pituitary adenylate cyclase activating 
polypeptide (PACAP) and NMDA receptor (Ohnishi et al., 2008). The 
importance of phosphorylation/dephosphorylation in regulating NOS 
activity and, more recently, mitochondrial processes has been recognized 
and several protein kinases and phosphatases have been identified in 
mitochondria. Noteworthy, phosphorylation in mitochondria not only 
involves serine/threonine but also tyrosine and histidine residues. In 
particular, the presence of members of Src family of protein tyrosine 
kinases (SFK) has been recently shown in mitochondria of rat brain. 
Interestingly, the tyrosine kinase activity is mainly located at the surface of 
the inner membrane of brain mitochondria (Salvi et al., 2002; Salvi et al., 
2005). Moreover, it has been recently reported the existence of a signal 
transduction pathway from plasma membrane to mitochondria, resulting in 
increasing Src-dependent mitochondrial tyrosine phosphorylation (Tibaldi 
et al., 2008). As an example the epidermal growth factor receptor, a typical 
plasma membrane receptor with intrinsic tyrosine kinase activity, is targeted 
to mitochondria and interacts with the CcOX subunit II (Boerner et al., 
2004), suggesting how mitochondrial functions could be regulated. As a 
final note, Src activation has been demonstrated as an early intermediate in 
the signalling pathway induced by NGF in neurons (Tucker et al., 2008). 
In the light of these evidences, we wondered if a phosphorylation event at 
level of the PDZ binding pocket could influence the interaction with the 
peptide. To investigate this possibility, we performed molecular modeling 
simulation of the complex between the last nine amino acids of CcOX 
subunit Va and the PDZ domain of nNOS in presence of a phosphate group 
bound to the PDZ-Tyr77 and deriving from an hypothetical phosphorylation 
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reaction (Fig. 6C). In this case the peptide is subjected to a considerable 
shift, losing every interaction with the PDZ pocket. 
On the basis of these molecular modeling simulation, we hypothesized that 
modification of the PDZ domain of nNOS likely results in modifications of 
the ability of the enzyme to physically interact with target proteins, in 
particular nNOS-CcOX binding could be affected by phosphorylation 
modifications. 
 

 
 
Figure 6. Molecular modeling of the complex nNOS-PDZ/CcOX. (A) Three-

dimensional model of the complex between the last nine amino acids of CcOX subunit Va and 
the PDZ domain of nNOS. Tyr77 is shown. The subunit Va of CcOX is shown in orange, the 
nNOS PDZ domain is shown as molecular surface. (B) Model of the complex in presence of 
substitution of Tyr77 with Glu77. (C) Model complex in presence of phosphorylated Tyr77. 
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Analysis of nNOS/CcOX interaction in transfected cells after NGF 

treatment 

Thus, we performed experiments for the evaluation of tyrosine 
phosphorylation effects on NOS/COX interaction in wt and mutant NOS-
transfected cells. To this purpose, cells were treated with the growth factor 
NGF, and the expected increase of tyrosine phosphylation has been assessed 
by double immunofluorescence staining and confocal analysis of the two 
proteins. 
nNOS wt and nNOS(Y77E) mutant transiently transfected cells were 
incubated with 100 ng/ml NGF for 15 min at 37°C and subsequently 
processed for confocal immunofluorescence analysis. Briefly, after 
paraformaldehyde-fixation and triton-permeabilization, cells were incubated 
with the antibodies specific for nNOS and the Va subunit of CcOX, 
revealed by fluorescein- and rodamine-conjugated secondary antibody 
respectively. Confocal  images illustrated in Figure 7 shown a reduction in 
nNOS (visualized in green) and CcOX (in red) co-localization after 
treatment with NGF of nNOS wt transfected cells. Whereas nNOS mutant 
transfected cells seemed not to be affected by the growth factor treatment. 
 
Furthermore, to verify confocal analysis results, we performed co-
immunoprecipitation experiments on total protein extracts from non 
transfected PC12 and wt and mutant nNOS-transfected cells, untreated or 
treated with 100 ng/ml NGF. Western blot assay (Fig. 8A) performed on the 
immunoprecipitates and densitometric analysis (Fig. 8B) clearly indicated a 
decrease in nNOS/CcOX interaction subsequent to NGF exposure in nNOS 
wt transfected cells (Fig. 8). Note that also nNOS(Y77E) mutant cells 
showed a slight interaction in absence of NGF, if compared with the non 
transfected cells. However, as expected, this interaction is not affected by 
NGF treatment, indicating that nNOS mutant cells can be considered as 
control samples in our experiments. These results suggest a likely 
modulation of nNOS/CcOX interaction by phosphorylation of the Tyr77 in 
PDZ binding domain of nNOS. 
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Figure 7. NGF treatment reduces nNOS/CcOX co-localization in PC12 nNOS 

wt transfected cells. PC12 cells transfected with the nNOS wt or the nNOS(Y77E) mutant 
plasmid have been treated (+NGF) or not (-NGF) with 100ng/ml NGF for 15 min. After being 
fixed and permeabilized, cells were stained with α-nNOS (green) and α-CcOX Va (red) and 
observed with a confocal laser-scanning microscope. (Twt: nNOS wt transfected cells; Tmut: 
nNOS(Y77E) mutant cells) 
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Figure 8. Treatment with NGF reduces nNOS/CcOX interaction in in PC12 

nNOS wt transfected cells. Immunoprecipitation and Western blot analysis on PC12 non 
transfected and transfected cells performed on untreated (-NGF) or treated (+NGF) cells with 
100ng/ml NGF. (A) nNOS western blot on CcOX Va immunoprecipitation. (B) Densitometric 
analysis. (NT: non transfected cells; Twt: nNOS wt transfected cells; Tmut: nNOS(Y77E) 
mutant cells) 

 
 
To determine whether the differences observed in nNOS/CcOX interaction 
between NGF-treated and untreated cells were actually due to tyrosine 
phosphorilatyon, we carried out a series of experiments by using different 
inhibitors. 
We initially tested the effects of the generic protein tyrosine kinases 
inhibitor genistein on transfected cells. To this purpose, transfected cells 
were pre-incubated with 50 µM Genistein for 30 min and, then, treated with 
NGF as described above. Visualization of the NGF-treated cells with the 
confocal microscope (Fig. 9) revealed that genistein treatment restored co-
localization of the nNOS and CcOX proteins at mitochondria level, thus 
suggesting an involvement of protein tyrosine phosphorilatyon in 
nNOS/CcOX interaction 
The effect of the protein tyrosine phosphatase inhibitor PTP I was also 
tested. The results (data not shown) further validated those observed up to 
here, indeed in presence of the inhibitor co-localization between nNOS and 
CcOX is conserved. 
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Figure 9. Genistein exposure of NGF-treated cells restore nNOS/CcOX co-

localization in PC12 nNOS wt transfected cells. PC12 cells transfected with the nNOS 
wt or the nNOS(Y77E) mutant plasmid have been pre-incubated with 50µM Genistein and then 
treated with 100ng/ml NGF for 15 min. After fixation and permeabilization, cells were stained 
with α-nNOS (green) and α-CcOX Va (red) and observed with a confocal laser-scanning 
microscope. (Twt: nNOS wt transfected cells; Tmut: nNOS(Y77E) mutant cells) 
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In an attempt to determine which was the kinase likely implicated in 
modulation of nNOS/CcOX interaction, we examined whether selective 
inhibitors of the src family of tyrosine kinases could alter NGF treatment 
effects in nNOS transfected PC12. 
 
 

 
 

Figure 10. Src tyrosine kinase inhibitors exposure of NGF-treated cells restore 

nNOS/CcOX co-localization in PC12 nNOS wt transfected cells. PC12 cells 
transfected with the nNOS wt or the nNOS(Y77E) mutant plasmid have been pre-incubated 
with 1µM PP2 plus 1µM SU66 and then treated with 100ng/ml NGF for 15 min. After being 
fixed and permeabilized, cells were stained with α-nNOS (green) and α-CcOX Va (red) and 
observed with a confocal laser-scanning microscope. (Twt: nNOS wt transfected cells; Tmut: 
nNOS(Y77E) mutant cells) 
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Briefly, transfected cells were pre-incubated with 1µM PP2 plus 1µM SU66 
for 30 min and, then, treated with NGF as described above. Fixed cells were 
subsequently permeabilized and incubated with a polyclonal anti-nNOS 
antibody and a monoclonal antibody raised against the Va subunit of CcOX. 
A representative image is reported in Figure 10. Treatment with the 
inhibitors consistently reduces the nNOS and CcOX co-localization, 
indicating that src are the kinases likely involved in this regulation pathway. 

 
To further investigate about the kinase involved in this pathway we carried 
out co-immunoprecipitation experiments on cells treated with the selective 
inhibitors of the src family of tyrosine kinases PP2 and SU66. Briefly, 
transfected cells after pre-incubation with the two inhibitor were treated 
with NGF and then processed for co-immunoprecipitation analysis. The 
immunoprecipitates samples for nNOS were loaded in a polyacrilammide 
gel and filters were probed with an antibody raised against CcOX Va. 
Results shown in Fig. 11 clearly indicate that treatment with NGF abolishes 
the nNOS/CcOX interaction in nNOS wt transfected cells, whereas the 
binding appear reversed by PP2 and SU66, which specifically inhibit src 
tyrosine kinases. Providing a demonstration of the likely involvement of src 
tyrosine kinases in modulation of nNOS/CcOX interaction mediated by 
phosphorilatyon. 

 

 
 

Figure 11. Treatment with specific src tyrosine kinase inhibitors restores 

nNOS/CcOX interaction in NGF-treated cells. Immunoprecipitation with α-nNOS and 
Western blot analysis with α-CcOX on PC12 non transfected and transfected cells. Analysis 
were performed on untreated or treated cells with 100ng/ml NGF. With or without a pre-
incubation with PP2 and SU66 src inhibitors. (NT: non transfected cells; Twt: nNOS wt 
transfected cells; Tmut: nNOS(Y77E) mutant cells) 
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4. CONCLUSIONS 
 
The regulatory actions of NO are currently explained both by the 
physiological intracellular concentrations of NO, in the range of 10 to 200 
nM, and by at least three well known NO-dependent cell signalling and 
regulatory pathways. A first signalling pathway is the NO-activated 
cytosolic and soluble guanylate cyclase that yields cGMP as second 
messenger and results in signal amplification and activation of cGMP-
dependent protein kinases (Ignarro, 2000; Jurado et al., 2005; Schlossmann 
and Hofmann, 2005). The second regulatory pathway is the reversible and 
molecular oxygene competitive inhibition of mitochondrial cytochrome 
oxidase (Brown and Cooper, 1994; Cooper and Giulivi, 2007). The third 
pathway is the NO-dependent protein modifications, mainly S-nitrosylation 
of cysteine residues (Derakhshan et al., 2007; Martinez-Ruiz and Lamas, 
2007) and nitration of tyrosine residues (Radi, 2004). It has been observed 
that when the cellular NO concentration exceeds the physiological levels, as 
in the case of induction of astrocyte iNOS upon pro-inflammatory 
responses, NO-derived molecules of higher chemical reactivity (reactive 
nitrogen species, RNS) are generated and impair protein function (Davis et 

al., 2001). 
Our results give a further contribute to the comprehension of NO signalling 
pathways in regulating some cellular functions. 
 
NO signalling involving protein post-translational modifications has been 
investigated in the first part of this work. The role of NO in this signalling 
route consists in its ability to produce covalent protein post-translational 
modifications in conjunction with other reactive oxygen and nitrogen 
species. Among these, the modification of cysteine residues has been shown 
to be of particular importance due to the functional relevance of many of 
them. In this study, we focused on the modification of the cysteine thiol by 
incorporation of a glutathione moiety (S-glutathionylation), a modification 
that, as S-nitrosylation, is produced by different reactions induced by NO-
related species. 
In particular, we found that both MT and Sp1, two proteins whose activity 
results impaired in oxidative/nitrosative stress conditions, can be reversibly 
glutathionylated under in vitro conditions. 
In recent years increasing attention has been paid to S-glutathionylation as a 
modification associated with the stabilization of extracellular proteins, 
protection of proteins against irreversible oxidation of critical cysteine 
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residues, and regulation of enzyme functions and transcription. In view of 
this finding, S-glutathionylation of MT and Sp1 proteins, given its 
reversibility, would provide protection from irreversible oxidation of Cys 
residues, thus representing a mechanism of high potential biological 
relevance. In fact, while S-nitrosylation does not prevent further and 
irreversible oxidation of Cys residues, S-glutathionylation can be reversed 
provided that GSH/GSSG ratio is high or in conditions in which the 
oxidative stress within the cell has not reached a critical level. This process 
would regenerate the free thiol group of Cys residues thus restoring the 
metal binding ability and hence the biological function of MT and of Sp1. 
Altogether our results provided strong evidence that MTs and Sp1 can be 
glutathionylated under oxidative/nitrosative stress conditions. But there still 
remains the question of physiological relevance; whether the results 
obtained by treating proteins or cells with oxidizing agents represent 
changes that occur within the physiological range of oxidative stress. As 
discussed earlier, these reactions, although clearly possible under 
experimental conditions, may be effectively quenched by antioxidants in 
tissues under normal physiological states. 
 
In the second part of this work, we focused on another NO-dependent 
regulatory pathway: the NO-dependent cytochrome c oxidase regulation.  
NO has been known for many years to bind cytochrome c oxidase, the 
terminal enzyme in the mitochondrial electron transport chain. However, 
the potential biological relevance of this action only became apparent after 
the discovery that NO inhibits respiration in mammalian cells. The finding 
that low nanomolar concentrations of NO inhibit cytochrome c oxidase 
reversibly and competitively with molecular oxygen indicated that these 
interactions had a potential physiological role in the control of cell 
respiration, and also that the inhibitory effect might be involved in the 
inception of pathology. 
Recently, we reported that mtNOS is physically associated with CcOX, and 
that this binding is mediated by the PDZ motif of mtNOS. In order to 
further analyze the role played by NO in CcOX activity regulation, we 
investigated whether phosphorylation of a specific tyrosine residue (Tyr77) 
in the nNOS PDZ domain could be implicated in the modulation of this 
interaction. 
The analysis of the obtained results suggests a likely mechanism of 
modulation of the mtNOS-CcOX interaction mediated by phosphorylation, 
likely through the action of some src tyrosine kinases. However, additional 
studies will be required to obtain a detailed understanding of the specific 
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protein tyrosine kinases involved. This finding would give an important 
contribution to a deeper comprehension of NO regulation of CcOX activity 
and, more in general, would improve our understanding of the basics of NO 
signalling and its biological effects in mitochondria physiology. 
A fine regulation of mtNOS-CcOX coupling might be extremely important 
especially in view of the pathological consequences of high concentrations 
of NO on mitochondrial metabolism. Extensive evidence indicates that high 
concentrations of NO lead to persistent inhibition of several mitochondrial 
enzymes including complexes I and II in the respiratory chain as well as 
enzymes in the glycolytic pathway and Krebs cycle, accompanied by 
increased generation of reactive oxygen species, ultimately leading to 
metabolic imbalance and cell death (Stadler et al., 1991; Brunori et al., 
1999; Clementi et al., 1999). Interaction between mtNOS-I and CcOX 
might be one of the cellular events designed to limit these adverse 
consequences of NO. Indeed, a regulated interaction between mtNOS-I and 
CcOX might contribute considerably to increase the functional coupling 
between the mitochondrial NO-generating and the sensing systems, leading, 
in turn, to fine-tuning of CcOX activity by NO in the absence of overall 
increases in the cellular NO levels. Furthermore, the tight regulation of NO 
production in close proximity to CcOX might also optimize the protective 
actions mediated by physiological concentrations of NO through this 
enzyme, such as the maintenance of the mitochondrial membrane potential, 
that delays the onset of apoptosis (Beltran, 2000) and the redistribution of 
oxygen, that limits the adverse consequences of hypoxia (Jaffrey et al., 
1998).  
Apart from the implications in mtNOS-CcOX interaction modulation, we 
can postulate that phosphorylation of Tyr77 in the nNOS PDZ domain may 
represent a wide mechanism by which the interaction with NOS-binding 
partners can be regulated. Although protein-protein contacts involving 
nNOS PDZ domain have been described and in part deciphered in many 
tissues, their regulation in the control of the physio-pathological action of 
NO has not been fully explored, and, in many cases, yet to be addressed. 
 

 
 
 
 
 



49 
 

 
ACKNOWLEDGMENTS  
 
I wish to thank Dr F. Polticelli of the Biology Department “Roma Tre” 
University, for molecular modeling experiments and helpful discussions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



50 
 

REFERENCES 

 
• Adachi T, Pimentel DR, Heibeck T, Hou X, Lee YJ, Jiang B, Ido Y, 

Cohen RA. 2004a. S-glutathiolation of Ras mediates redoxsensitive 
signaling by angiotensin II in vascular smooth muscle cells. J Biol Chem. 
279: 29857-62. 

• Adachi T, Weisbrod RM, Pimentel DR, Ying J, Sharov VS, Schöneich 

C, Cohen RA. 2004b. S-glutathiolation by peroxynitrite activates SERCA 
during arterial relaxation by nitric oxide. Nat Med. 10: 1200-7. 

• Adams ME, Dwyer TM, Dowler LL, White RA, Froehner SC. 1995. 
Mouse a1- and b2-syntrophin gene structure, chromosome localization, 
and homology with a discs large domain. J Biol Chem. 270: 25859-65. 

• Adams ME, Butler MH, Dwyer TM, Peters MF, Murnane AA, 

Froehner SC. 1993. Two forms of mouse syntrophin, a 58 kd dystrophin-
associated protein, differ in primary structure and tissue distribution. 
Neuron. 11: 531-40. 

• Adler V, Yin Z, Tew KD, Ronai Z. 1999. Role of redox potential and 
reactive oxygen species in stress signaling. Oncogene. 18: 6104-11. 

• Ammanamanchi S, Kim SJ, Sun LZ, et al. 1998. Induction of 
tranforming growth factor-β receptot type II expression in estrogen 
receptor-positive breast cancer cells through SP1 activation by 5-aza-2’-
deoxycytidine. J Biol Chem. 273: 16527-34. 

• Ammendola R, Mesuraca M, Russo T, Cimino F. 1994. The DNA-
binding efficiency of Sp1 is affected by redox changes. Eur J Biochem. 
225: 483-9. 

• Ammendola R, Mesuraca M, Russo T, Cimino F. 1992. Sp1 DNA 
binding efficiency is highly reduced in nuclear extracts from aged rat 
tissues. J Biol Chem. 267: 17944-8. 

• Aravindakumar CT, Ceulemans J, De Ley M. 1999. Nitric oxide 
induces Zn2+ release from metallothionein by destroying zinc–sulphur 
clusters without concomitant formation of S-nitrosothiol. Biochem J. 344: 
253-8. 

• Arnelle DR, Stamler JS. 1995. NO+, NO, and NO- donation by S-
nitrosothiols: implications for regulation of physiological functions by S-
nitrosylation and acceleration of disulfide formation. Arch Biochem 

Biophys. 318: 279-85. 

• Ascenzi P, Colasanti M, Persichini T, Muolo M, Polticelli F, Venturini 

G, Bordo D, Bolognesi M. 2000. Re-evaluation of amino acid sequence 
and structural consensus rules for cysteine–nitric oxide reactivity. Biol 

Chem. 381: 623-7. 

• Bell SG, Vallee BL. 2009. The metallothionein/thionein system: an 
oxidoreductive metabolic zinc link. Chem Bio Chem. 10: 55-62. 



51 
 

• Beltran B, Orsi A, Clementi E, Moncada S. 2000. Oxidative stress and 
S-nitrosylation of proteins in cells. Br J Pharmacol. 129: 953-60.  

• Beltran B, Mathur A, Duchen MR, Erusalimsky JD, Moncada S. 
2000. The effect of nitric oxide on cell respiration: a key to understandi its 
role in cell survival or death. Proc Natl Acad Sci USA. 97: 14602-7. 

• Biswas S, Chida AS, Rahman I. 2006. Redox modifications of protein-
thiols: emerging roles in cell signaling. Biochem Pharmacol. 71: 551-64. 

• Black AR, Black JD, Azizkhan-Clifford J. 2001. Sp1 and kruppel-like 
factor family of transcription factors in cell growth regulation and cancer. 
J Cell Physiol. 188: 143-60. 

• Bodgan C, Rollinghoff M, Diefenbach A.  2000. The role of nitric oxide 
in innate immunity. Immunol Rev. 173: 17-26. 

• Boerner JL, Demory ML, Silva C, Parsons SJ. 2004. Phosphorylation 
of Y845 on the epidermal growth factor receptor mediates binding to the 
mitochondrial protein cytochrome c oxidase subunit II. Mol Cell Biol. 24: 
7059-71. 

• Bolaños JP, Almeida A, Stewart V, Peuchen S, Land JM, Clark JB, 

Heales SJ. 1997. Nitric oxide-mediated mitochondrial damage in the 
brain: mechanisms and implications for neurodegenerative diseases. J 

Neurochem. 6: 2227-40. 

• Bogumil R, Faller P, Binz PA, Vasak M, Charnock JM, Garner CD. 
1998. Structural characterization of Cu(I) and Zn(II) sites in neuronal-
growth-inhibitory factor by extended X-ray absorption fine structure 
(EXAFS). Eur J Biochem. 255: 172-7. 

• Braun W, Vasak M, Robbins AH, Stout CD, Wagner G, Kagi JH, 
Wuthrich K. 1992. Comparison of the NMR solution structure and the X-
ray crystal structure of rat metallothionein-2. Proc Natl Acad Sci USA. 89: 
10124-8. 

• Brenman JE, Chao DS, Gee SH, McGee AW, Craven SE, Santillano 

DR, Wu Z, Huang F, Xia H, Peters MF, Froehner SC, Bredt DS. 1996. 
Interaction of nitric oxide synthase with the postsynaptic density protein 
PSD-95 and alpha1-syntrophin mediated by PDZ domains. Cell. 84: 757-
67. 

• Briggs MR, Kadonaga JT, Bell SP, et al. 1986. Purification and 
biochemical characterization of the promoter-specific transcription factor, 
Sp1. Science. 234: 47-52. 

• Brown GC, Cooper CE. 1994. Nanomolar concentrations of nitric oxide 
reversibly inhibit synaptosomal respiration by competing with oxygen at 
cytochrome oxidase. FEBS Lett. 356: 295-8. 

• Brunori M, Giuffre A, Sarti P, Stubauer G, Wilson MT. 1999. Nitric 
oxide and cellular respiration. Cell Mol Life Sci. 56: 549-57. 

• Chen FC, Ogut O. 2006. Decline of contractility during 
ischemiareperfusion injury: actin glutathionylation and its effect on 



52 
 

allosteric interaction with tropomyosin. Am J Physiol Cell Physiol. 290: 
C719-27. 

• Chen YR, Chen CL, Pfeiffer DR, Zweier JL. 2007. Mitochondrial 
complex II in the post-ischemic heart: oxidative injury and the role of 
protein S-glutathionylation. J Biol Chem. 282: 32640-54. 

• Cherian MG, Howell SB, Imura N, Klaassen CD, Koropatnick J, Lazo 

JS, Waalkes MP. 1994. Role of metallothionein in carcinogenesis. 
Toxicol Appl Pharmacol. 126: 1-5. 

• Cho CG, Kim HJ, Chung SW, Jung KJ, Shim KH, Yu BP, Yodoi J, 
Chung HY. 2003. Modulation of glutathione and thioredoxin systems by 
calorie restriction during the aging process. Exp Gerontol. 38: 539-48. 

• Clavreul N, Adachi T, Pimental DR, Ido Y, Schöneich C, Cohen RA. 
2006a. S-glutathiolation by peroxynitrite of p21ras at cysteine-118 
mediates its direct activation and downstream signaling in endothelial 
cells. FASEB J. 20: 518-20. 

• Clavreul N, Bachschmid MM, Hou X, Shi C, Idrizovic A, Ido Y, 

Pimentel D, Cohen RA. 2006b. S-glutathiolation of p21ras by 
peroxynitrite mediates endothelial insulin resistance caused by oxidized 
low-density lipoprotein. Arterioscler Thromb Vasc Biol. 26: 2454-61. 

• Cleeter MW, Cooper JM, Darley-Usmar VM, Moncada S, Shapira 

AH. 1994. Reversible inhibition of cytochrome c oxidase, the terminal 
enzyme of the mitochondrial respiratory chain, by nitric oxide. 
Implications for neurodegenerative diseases. FEBS Lett. 354: 50-4. 

• Clementi E, Brown GC, Feelisch M, Moncada S. 1998. Persistent 
inhibition of cell respiration by nitric oxide: crucial role of S-nitrosylation 
of mitochondrial complex I and protective action of glutathione. Proc Natl 

Acad Sci USA. 95: 7631-6. 

• Cohen NA, Brenman JE, Snyder SH, Bredt DS. 1996. Binding of the 
inward rectifier K+ channel Kir 2.3 to PSD-95 is regulated by protein 
kinase A phosphorylation. Neuron. 17: 759-67. 

• Colasanti M, Suzuki H. 2000. The dual personality of NO. Trends 

Pharmacol Sci. 21: 249-52. 

• Colasanti M, Persichini T, Menegazzi M, Mariotto S, Giordano E, 
Caldarera CM, Sogos V, Lauro GM, Suzuki H. 1995. Induction of nitric 
oxide synthase mRNA expression. Suppression by exogenous nitric oxide. 
J Biol Chem. 270: 26731-3. 

• Contestabile A, Monti B, Contestabile A, Ciani E. 2003. Brain nitric 
oxide and its dual role in neurodegeneration/neuroprotection: 
understanding molecular mechanisms to devise drug approaches. Curr 

Med Chem. 10: 2147-74.. 

• Cooper CE, Giulivi C. 2007. Nitric oxide regulation of mitochondrial 
oxygen consumption II: molecular mechanism and tissue physiology. Am 

J Physiol Cell Physiol. 292: C1993-C2003. 



53 
 

• Cotgreave IA. et al. Cotgreave IA, Gerdes R, Schuppe-Koistinen I, 
Lind C. 2002. S-glutathionylation of glyceraldehyde-3-phosphate 
dehydrogenase: role of thiol oxidation and catalysis by glutaredoxin. 
Methods Enzymol. 348: 175-82. 

• Cross JV, Templeton DJ. 2004. Oxidative stress inhibits MEKK1 by 
site-specific glutathionylation in the ATP-binding domain. Biochem J. 
381: 675-83. 

• Cross CE, Hasegawa G, Reddy KA, Omaye ST. 1977. Enhanced lung 
toxicity of O2 in selenium-deficient rats. Res Commun Chem Pathol 

Pharmacol. 16: 695-706. 

• Dalle-Donne I, Rossi R, Colombo G, Giustarini D, Milzani A. 2009. 
Protein S-glutathionylation: a regulatory device from bacteria to humans. 
Trends Biochem Sci. 34: 85-96. 

• Dalle-Donne I, Rossi R, Colombo R, Giustarini D, Milzani A. 2006. 
Biomarkers of oxidative damage in human disease. Clin Chem. 52: 601-
23. 

• Dalle-Donne I, Scaloni A, Giustarini D, Cavarra E, Tell G, Lungarella 
G, Colombo R, Rossi R, Milzani A. 2005. Proteins as biomarkers of 
oxidative/nitrosative stress in diseases: the contribution of redox 
proteomics. Mass Spectrom Rev. 24: 55-99. 

• Dalle-Donne I, Giustarini D, Rossi R, Colombo R, Milzani A. 2003. 
Reversible S-glutathionylation of Cys374 regulates actin filament 
formation by inducing structural changes in the actin molecule. Free Radic 

Biol Med. 34: 23-32. 

• Davis KL, Martin E, Turko IV, Murad F. 2001. Novel effects of nitric 
oxide. Annu Rev Pharmacol Toxicol. 41: 203-36.. 

• Derakhshan B, Hao G, Gross SS. 2007. Balancing reactivity against 
selectivity: the evolution of protein S-nitrosylation as an effector of cell 
signaling by nitric oxide. Cardiovasc Res. 75: 210-9. 

• Dinerman JL, Dawson TM, Schell MJ, Snowman A, Snyder SH. 1994. 
Endothelial nitric oxide synthase localized to hippocampal pyramidal 
cells: implications for synaptic plasticity. Proc Natl Acad Sci USA. 91: 
4214-8.  

• Duncan KE, Ngu TT, Chan J, Salgado MT, Merrifield ME, Stillman 
MJ. 2006. Exp Biol Med. (Maywood NJ US), 231, 1488. 

• Elfering SL, Sarkela TM, Giulivi C. 2002. Biochemistry of 
mitochondrial nitric-oxide synthase. J Biol Chem. 277: 38079-86. 

• Faller P, Hasler DW, Zerbe O, Klauser S, Winge DR, Vasak M. 1999. 
Evidence for a dynamic structure of human neuronal growth inhibitory 
factor and for major rearrangements of its metal-thiolate clusters. 
Biochemistry. 38: 10158-67. 



54 
 

• Fiaschi T. et al. Fiaschi T, Cozzi G, Raugei G, Formigli L, Ramponi 
G, Chiarugi P. 2006. Redox regulation of b-actin during integrin-
mediated cell adhesion. J Biol Chem. 281: 22983-91. 

• Finkel T, Holbrook NJ. 2000. Oxidants, oxidative stress and the biology 
of ageing. Nature. 408: 239-47. 

• Fiscus RR. 2002. Involvement of cyclic GMP and protein kinase G in the 
regulation of apoptosis and survival in neural cells. Neurosignals. 11: 175-
90. 

• Franco MC, Arciuch VG, Peralta JG, Galli S, Levisman D, Lopez 

LM, Romorini L, Poderoso JJ, Carreras MC. 2006. Hypothyroid 
phenotype is contributed by mitochondrial complex I inactivation due to 
translocated neuronal nitric-oxide synthase. J Biol Chem. 281: 4779-86. 

• Fratelli M, Goodwin LO, Orom UA, Lombardi S, Tonelli R, Mengozzi 

M, Ghezzi P. 2005. Gene expression profiling reveals a signaling role of 
glutathione in redox regulation. Proc Natl Acad Sci USA. 102: 13998-
4003. 

• Fratelli M, Fratelli M, Demol H, Puype M, Casagrande S, Villa P, 
Eberini I, Vandekerckhove J, Gianazza E, Ghezzi P. 2003. 
Identification of proteins undergoing glutathionylation in oxidatively 
stressed hepatocytes and hepatoma cells. Proteomics. 3: 1154-61. 

• Fratelli M, Demol H, Puype M, Casagrande S, Eberini I, Salmona M, 

Bonetto V, Mengozzi M, Duffieux F, Miclet E, Bachi A, 
Vandekerckhove J, Gianazza E, Ghezzi P. 2002. Identification by redox 
proteomics of glutathionylated proteins in oxidatively stressed human T 
lymphocytes. Proc Natl Acad Sci USA. 99: 3505-10. 

• Furchgott RF, Zawadzki JV. 1980. The obligatory role of endothelial 
cells in the relaxation of arterial smooth muscle by acetylcholine. Nature. 
288: 373-6. 

• Genova ML, Ventura B, Giuliano G. et al. 2001. The site of production 
of superoxide radical in mitochondrial Complex I is not a bound 
ubisemiquinone but presumably iron–sulfur cluster N2. FEBS Lett. 505: 
364-8. 

• Ghafourifar P, Colton CA. 2003. Compartmentalized nitrosation and 
nitration in mitochondria. Antioxid Redox Signal. 5: 349-54. 

• Ghafourifar P, Richter C. 1997. Nitric oxide synthase activity in 
mitochondria. FEBS Lett. 418: 291-6. 

• Ghezzi P. 2005. Regulation of protein function by glutathionylation. Free 

Radic Res. 39: 573-80. 

• Giustarini D, Dalle-Donne I, Lorenzini S, Milzani A, Rossi R. 2006. 
Age-related influence on thiol, disulfide and protein mixed disulfide levels 
in human plasma. J Gerontol A Biol Sci Med Sci. 61: 1030-8. 



55 
 

• Giustarini D, Rossi R, Milzani A, Colombo R, Dalle-Donne I. 2004. S-
glutathionylation: from redox regulation of protein functions to human 
diseases. J Cell Mol Med. 8: 201-12. 

• Griscavage JM, Rogers NE, Sherman MP, Ignarro LJ. 1993. Inducible 
nitric oxide synthase from a rat alveolar macrophage cell line is inhibited 
by nitric oxide. J Immunol. 151: 6329-37. 

• Guix FX, Uribesalgo M, Coma M, Munoz FJ. 2005. The physiology 
and pathophysiology of nitric oxide in the brain. Prog Neurobiol. 76: 126-
52. 

• Hamer DH. 1986. Metallothionein. Annu Rev Biochem. 55: 913-51. 

• Hanafi KA, Krumenacker JS, Murad F. 2001. NO, nitrotyrosine, and 
cyclic GMP in signal transduction. Med Sci Monit. 7: 801-19. 

• Hansen JM. et al. 2006. Nuclear and mitochondrial compartmentation of 
oxidative stress and redox signaling. Annu Rev Pharmacol Toxicol. 46: 
215-34 

• Herrero A, Barja G. 1997. Sites and mechanisms responsible for the low 
rate of free radical production of heart mitochondria in the long-lived 
pigeon. Mech Ageing Dev. 98: 95-111. 

• Hool LC, Corry B. 2007. Redox control of calcium channels: from 
mechanisms to therapeutic opportunities. Antioxid Redox Signal. 9: 409-
35. 

• Hou T, An Y, Ru B, Bi R, Xu X. 2000. Cysteine-independent 
polymerization of metallothioneins in solutions and in crystals. Protein 

Sci. 9: 2302-12. 

• Hudetz AG, Shen H, Kampine JP. 1998. Nitric oxide from neuronal 
NOS plays critical role in cerebral capillary flow response to hypoxia. Am 

J Physiol. 274: H982-9. 

• Hulo N, Sigrist CJ, Le SV, Langendijk-Genevaux PS, Bordoli L, 

Gattiker A, De Castro E, Bucher P, Bairoch A. 2004. Recent 
improvements to the PROSITE database. Nucleic Acids Res. 32:  D134-7. 

• Hurd TR, Costa NJ, Dahm CC, Beer SM, Brown SE, Filipovska A, 

Murphy MP. 2005. Glutathionylation of mitochondrial proteins. 
Antioxid Redox Signal. 7: 999-1010. 

• Hurd TR. et al. 2008. Complex I within oxidatively stressed bovine heart 
mitochondria is glutathionylated on Cys-531 and Cys-704 of the 75-kDa 
subunit: potential role of Cys residues in decreasing oxidative damage. J 

Biol Chem. 283: 24801-24815. 

• Ignarro LJ, Nitric Oxide: Biology and Pathobiology, Academic Press, 
New York, 2000. 

• Ignarro LJ. 1991. Signal transduction mechanisms involving nitric oxide. 
Biochem Pharmacol. 41: 485-90. 



56 
 

• Jacob C, Knight I, Winyard PG. 2006. Aspects of the biological redox 
chemistry of cysteine: from simple redox responses to sophisticated 
signalling pathways. Biol Chem. 387: 1385-97. 

• Jaffrey SM, Erdjument-Bromage H, Ferris CD, Tempst P, Snyder 

SH. 2001. Protein S-nitrosylation: a physiological signal for neuronal 
nitric oxide. Nature Cell Biol. 3: 193-7. 

• Jaffrey SR, Snowman AM, Eliasson MJ, Cohen NA, Snyder SH. 1998. 
CAPON: a protein associated with neuronal nitric oxide synthase that 
regulates its interactions with PSD95. Neuron. 20: 115-24. 

• Janssen-Heininger YMW, Mossman BT, Heintz NH, Forman HJ, 

Kalyanaraman B, Finkel T, Stamler JS, Rhee SG, van der Vliet A. 
2008. Redox-based regulation of signal transduction: principles, pitfalls, 
and promises. Free Radic Biol Med. 45: 1-17. 

• Jeong SM, Lee KY, Shin D, Chung H, Jeon SH, Seong RH. 2004. 
Nitric oxide inhibits glucocorticoid-induced apoptosis of thymocytes by 
repressing the SRG3 expression. J Biol Chem. 279: 34373-9. 

• Jones DP. 2006. Redefining oxidative stress. Antioxid Redox Signal. 8: 
1865-79. 

• Jurado S, Sanchez-Prieto J, Torres M. 2005. Expression of cGMP-
dependent protein kinases (I and II) and neuronal nitric oxide synthase in 
the developing rat cerebellum. Brain Res Bull. 65: 111-5. 

• Kadonaga JT, Courey AJ, Ladika J, et al. 1987. Distinct regions of Sp1 
modulate DNA binding and transcriptional activation. Science. 242: 1566-
70. 

• Kadonaga JT, Carner KR, Masiarz FR, Tjian R. 1987. Isolation of 
cDNA encoding transcription factor Sp1 and functional analysis of the 
DNA binding domain. Cell. 51:1079-90. 

• Kagi JH, Schaffer A. 1988. Biochemistry of metallothionein. 
Biochemistry. 27: 8509-15. 

• Kanai A. et al. (2004) Differing roles of mitochondrial nitric oxide 
synthase in cardiomyocytes and urothelial cells. Am. J. Physiol. Heart 
Circ. Physiol. 286, H13–H21 

• Kanai, A.J. et al. (2001) Identification of a neuronal nitric oxide synthase 
in isolated cardiac mitochondria using electrochemical detection. Proc. 
Natl. Acad. Sci. U. S. A. 98, 14126–31. 

• Katsuyama K, Shichiri M, Marumo F, Hirata Y. 1998. NO inhibits 
cytokine-induced iNOS expression and NF-kappaB activation by 
interfering with phosphorylation and degradation of IkappaB-alpha. 
Arterioscler Thromb Vasc Biol. 18: 1796-802. 

• Kelm M, Dahamann R, Wink D, Feelisch M. 1997. The nitric 
oxide/superoxide assay. Insights into the biological chemistry of the 
NO/O2 interaction. J Biol Chem. 272: 9922-32. 



57 
 

• Kerwin Jr. JF, Lancaster Jr, Feldman PL. 1995. Nitric oxide: a new 
paradigm for second messengers. J Med Chem. 38: 4343-62. 

• Knapp LT, Klann E. 2000. Superoxide-induced stimulation of protein 
kinase C via thiol modification and modulation of zinc content. J Biol 
Chem. 275: 24136-45. 

• Kosower NS, Kosower EM. 1995. Diamide: an oxidant probe for thiols. 
Methods Enzymol. 251: 123-33. 

• Kroncke KD, Fehsel K, Schmidt T, Zenke FT, Dasting I, Wesener JR, 
Bettermann H, Breunig KD, Kolb-Bachofen V. 1994. Nitric oxide 
destroys zinc–sulfur clusters inducing zinc release from metallothionein 
and inhibition of the zinc finger-type yeast transcription activator LAC9. 
Biochem Biophys Res Commun. 200: 1105-10. 

• Kubes P, Suzuki M, Granger DN. 1991. Nitric oxide: an endogenous 
modulator of leukocyte adhesion. Proc Natl Acad Sci USA. 88: 4651-5. 

• Larabee JL, Hocker JR, Hanas JS. 2005. Cys redox reactions and metal 
binding of a Cys2His2 zinc finger. Arch Biochem Biophys. 434: 139-49. 

• Li TY, Kraker AJ, Shaw III CF, Petering DH. 1980. Ligand 
substitution reactions of metallothioneins with EDTA and apocarbonic 
anhydrase. Proc Natl Acad Sci USA. 77: 6334-8. 

• Liu R, Li B, Flanagan SW, Oberley, LW, Gozal D, Qiu M. 2002. 
Increased mitochondrial antioxidative activity or decreased oxygen free 
radical propagation prevent mutant SOD1-mediated motor neuron cell 
death and increase amyotrophic lateral sclerosis-like transgenic mouse 
survival. J Neurochem. 80: 488-500. 

• Lykkesfeldt J, Hagen TM, Vinarsky V, Ames BN. 1998. Age-associated 
decline in ascorbic acid concentration, recycling, and biosynthesis in rat 
hepatocytes–reversal with (R)-alpha-lipoic acid supplementation. FASEB 

J. 12: 1183-9. 

• MacMicking J, Zie QW, Nathan C. 1997. Nitric oxide and macrophage 
function. Annu Rev Immunol. 15: 323-50. 

• Magazine HI, Liu Y, Billfinger TW, Fricchione JL, Stefano GB. 1996. 
Morphin-induced conformational changes in human monocytes, 
granulocites, and endothelial cells and invertebrate immunocytes and 
microglial are mediated by nitric oxide. J Immunol. 156: 4845-50. 

• Maret W, Vallee BL. 1998. Thiolate ligands in metallothionein confer 
redox activity on zinc clusters. Proc Natl Acad Sci USA. 95: 3478-82. 

• Mariotto S, Cuzzolin L, Adami A, Del Soldato P, Suzuki H, Benoni G. 
1995. Inhibition by sodium nitroprusside of the expression of inducible 
nitric oxide synthase in rat neutrophils. Br J Pharmacol. 114: 1105-6. 

• Martinez-Ruiz A, Lamas S. 2007. Signalling by NO-induced protein S-
nitrosylation and Sglutathionylation: convergences and divergences. 
Cardiovasc Res. 75: 220-28. 



58 
 

• Massion PB, Balligand JL. 2003. Modulation of cardiac contraction, 
relaxation and rate by the endothelial nitric oxide synthase (eNOS): 
lessons from genetically modified mice. J Physiol. 546: 63-75. 

• Matthews JR, Botting CH, Panico M, Morris HR, Hay RT. 1996. 
Inhibition of NF-kappaB DNA binding by nitric oxide. Nucleic Acids Res. 
24: 2236-42. 

• Meyer DJ, Kramer H, Ozer N, Coles B, Ketterer B. 1994. Kinetics and 
equilibria of S-nitrosothiol-thiol exchange between glutathione, cysteine, 
penicillamines and serum albumin. FEBS Lett. 345: 177-80 

• Miethke A, Feussner M, Planitzer G, Richter H, Gutsmann M, 

Gossrau R. 2003. Localization of NOS-I in the sarcolemma region of a 
subpopulation of atrial cardiomyocytes including myoendocrine cells and 
NOS-3 in vascular and endocardial endothelial cells of the rat heart. Acta 

Histochem. 105: 43-55. 

• Misra RR, Hochadel JF, Smith GT, Cook JC, Waalkes MP, Wink DA. 
1996. Evidence that nitric oxide enhances cadmium toxicity by displacing 
the metal from metallothionein. Chem Res Toxicol. 9: 326-32. 

• Mocchegiani E, Giacconi R, Cipriano C, Gasparini N, Orlando F, 

Stecconi R, Muzzioli M, Isani G, Carpene E. 2002. Metallothioneins 
(I+II) and thyroid-thymus axis efficiency in old mice: role of 
corticosterone and zinc supply. Mech Ageing Dev. 123: 675-94. 

• Mocchegiani E, Muzzioli M, Cipriano C, Giacconi R. 1998. Zinc, T-
cell pathways, aging: role of metallothioneins. Mech Ageing Dev. 
106:183-204. 

• Moncada S, Erusalimsky JD. 2002. Does nitric oxide modulate 
mitochondrial energy generation and apoptosis? Nat Rev Mol Cell Biol. 3: 
214-20. 

• Moncada S, Higgs A. 1993. The L-arginine-nitric oxide pathway. N Engl 

J Med. 329: 2002-12. 

• Moncada S, Palmer RM, Higgs EA. 1989. Biosynthesis of nitric oxide 
from L-arginine. A pathway for the regulation of cell function and 
communication. Biochem Pharmacol. 38: 1709-15. 

• Murad F. 1994a. The nitric oxide-cyclic GMP signal transduction system 
for intracellular and intercellular communication. Recent Prog Horm Res. 
49: 239-48. 

• Murad F. 1994b. Regulation of cytosolic guanylate cyclase by nitric 
oxide: the NO-cyclic GMP signal transduction system. Adv Pharmacol. 
26: 19-33. 

• Muruganandam A, Mutus B. 1994. Isolation of nitric oxide synthase 
from human platelets. Biochim Biophys Acta. 1200: 1-6. 

• Nath R, Kumar D, Li T, Singal PK. 2000. Metallothioneins, oxidative 
stress and the cardiovascular system. Toxicology. 155: 17-26. 



59 
 

• Nathan C, Xie QW. 1994. Regulation of biosynthesis of nitric oxide. J 

Biol Chem. 269: 13725-8. 

• Navarro A, Boveris A. 2008. Mitochondrial nitric oxide synthase, 
mitochondrial brain dysfunction in aging, and mitochondria-targeted 
antioxidants. Adv Drug Del Rev. 60: 1534-44. 

• Nicholls A, Sharp KA, Honig B. 1991. Protein folding and association: 
insights from the interfacial and thermodynamic properties of 
hydrocarbons. Proteins. 11: 281-96. 

• Nohl H, Stolze K. 1992. Ubisemiquinones of the mitochondrial 
respiratory chain do not interact with molecular oxygen. Free Radic Res 

Commun. 16: 409-19. 

• Ohnishi T, Okuda-Ashitaka E, Matsumura S, Katano T, Nishizawa M, Ito S. 

2008. Characterization of signaling pathway for the translocation of 
neuronal nitric oxide synthase to the plasma membrane by PACAP. J 

Neurochem. [Epub ahead of print] 

• Oka S, Shiraishi Y, Yoshida T, Ohkubo T, Sugiura Y, Kobayashi Y. 
2004. NMR structure of transcription factor Sp1 DNA binding domain. 
Biochemistry. 43: 16027-35. 

• Oppermann B, Zhang W, Magabo K, Kantorow M. 2001. 
Identification and spatial analysis of metallothioneins expressed by the 
adult human lens. Invest. Ophthalmol Vis Sci. 42: 188-93. 

• Otvos JD, Liu X, Li H, Shen G, Basti M. 1993. Dynamic aspects of 
metallothionein structure. In: Suzuki KT, Imura N, Kimura M, eds. 
Metallothionein III. Basel: Birkhauser Verlag; 57-74. 

• Padgett CM, Whorton AR. 1995. S-nitrosoglutathione reversibly inhibits 
GAPDH by S-nitrosylation. Am J Physiol. 269: C739-49. 

• Palmer RM, Ferrige AG, Moncada S. 1987. Nitric oxide release 
accounts for the biological activity of endothelium-derived relaxing factor. 
Nature. 327: 524-6. 

• Palmiter RD. 1998. The elusive function of metallothioneins. Proc Natl 

Acad Sci USA. 95: 8428-30. 

• Pan S, Berk BC. 2007. Glutathiolation regulates tumor necrosis factor-(-
induced caspase-3 cleavage and apoptosis: key role for glutaredoxin in the 
death pathway. Circ Res. 100: 213-9. 

• Park SK, Lin HL, Murphy S. 1997. Nitric oxide regulates nitric oxide 
synthase-2 gene expression by inhibiting NF-kappaB binding to DNA. 
Biochem J. 322: (Pt 2) 609-13. 

• Pearce LL, Gandley RE, Han W, Wasserloos K, Stitt M, Kanai AJ, 

McLaughlin MK, Pitt BR, Levitan ES. 2000. Role of metallothionein in 
nitric oxide signaling as revealed by a green fluorescent fusion protein. 
Proc Natl Acad Sci USA. 97: 477-82. 



60 
 

• Peng HB, Libby P, Liao JK. 1995. Induction and stabilization of I kappa 
B alpha by nitric oxide mediates inhibition of NF-kappa B. J Biol Chem. 
270: 14214-9. 

• Persichini T, Mazzone V, Polticelli F, Moreno S, Venturini G, 

Clementi E, Colasanti M. 2005. Mitochondrial type I nitric oxide 
synthase physically interacts with cytochrome c oxidase. Neurosci Lett. 
384: 254-9. 

• Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, 

Meng EC, Ferrin TE. 2004. UCSF Chimera – a visualization system for 
exploratory research and analysis. J Comput Chem. 25: 1605-12. 

• Peunova N, Enikolopov G. 1995. Nitric oxide triggers a switch to growth 
arrest during differentiation of neuronal cells. Nature. 375: 68-73. 

• Philipsen S, Suske G. 1999. A tale of three fingers: the family of 
mammalian Sp/XKLF transcription factors. Nucleic Acids Res. 27: 2991-
3000. 

• Pilz RB, Casteel DE. 2003. Regulation of gene expression by cyclic 
GMP. Circ Res. 93: 1034-46. 

• Powell SR. 2000. The antioxidant properties of zinc. J Nutr. 130: 1447S-
1454S. 

• Qanungo S. et al. 2007. Glutathione supplementation potentiates hypoxic 
apoptosis by S-glutathionylation of p65-NFkB. J Biol Chem. 282: 18427-
36. 

• Radi R. 2004. Nitric oxide, oxidants, and protein tyrosine nitration. Proc 

Natl Acad Sci USA. 101: 4003-8. 

• Radomski MW, Palmer RM, Moncada S. 1990. Glucocorticoids inhibit 
the expression of an inducible, but not the constitutive, nitric oxide 
synthase in vascular endothelial cells. Proc Natl Acad Sci USA. 87: 10043-
7. 

• Reynaert NL. et al. 2006. Dynamic redox control of NF-kB through 
glutaredoxin-regulated S-glutathionylation of inhibitory kB kinase b. Proc 

Natl Acad Sci USA. 103: 13086-91. 

• Rhee SG, Bae YS, Lee SR, Kwon J. 2000. Hydrogen peroxide: a key 
messenger that modulates protein phosphorylation through cysteine 
oxidation. Sci STKE. 53: PE1. 

• Riefler GM, Firestein BL. 2001. Binding of neuronal nitric-oxide 
synthase (nNOS) to carboxyl-terminal-binding protein (CtBP) changes the 
localization of CtBP from the nucleus to the cytosol: a novel function for 
targeting by the PDZ domain of nNOS. J Biol Chem. 276: 48262-8. 

• Rinna, A. et al. 2006. Stimulation of the alveolar macrophage respiratory 
burst by ADP causes selective glutathionylation of protein tyrosine 
phosphatase 1B. Free Radic Biol Med. 41: 86-91. 

• Riobo NA. et al. (2002) The modulation of mitochondrial nitricoxide 
synthase activity in rat brain development. J. Biol. Chem. 277, 42447-55 



61 
 

• Ritchie RH, Schiebinger RJ, LaPointe MC, Marsh JD. 1998. 
Angiotensin II-induced hypertrophy of adult rat cardiomyocytes is blocked 
by nitric oxide. Am J Physiol. 275: H1370-4. 

• Romero-Isart N, Vasak M. 2002. Advances in the structure and 
chemistry of metallothioneins. J Inorg Biochem. 88: 388-96. 

• Rossi R, Dalle-Donne I, Milzani A, Giustarini D. 2006. Oxidized forms 
of glutathione in peripheral blood as biomarkers of oxidative stress. Clin 

Chem. 52: 1406-14. 

• Salvi M, Brunati AM, Bordin L, La Rocca N, Clari G, Toninello A. 
2002. Characterization and location of Src-dependent tyrosine 
phosphorylation in rat brain mitochondria. Biochim Biophys Acta. 1589: 
181-95. 

• Salvi M, Brunati AM, Toninello A. 2005. Tyrosine phosphorylation in 
mitochondria: a new frontier in mitochondrial signaling. Free Radic Biol 

Med. 38: 1267-77. 

• Sato M, Bremner I. 1993. Oxygen free radicals and metallothionein. Free 

Radic Biol Med. 14: 325-37. 

• Schafer FQ, Buettner GR. 2001. Redox environment of the cell as 
viewed through the redox state of the glutathione disulfide/glutathione 
couple. Free Radic Biol Med. 30: 1191-212. 

• Schini-Kerth WB. 1999. Vascular biosynthesis of nitric oxide: effect on 
hemostasis and phibrinolysis. Transfus Clin Biol. 6: 355-63. 

• Schlossmann J, Hofmann F. 2005. cGMP-dependent protein kinases in 
drug discovery. Drug Discov Today. 10: 627-634. 

• Schwarz MA, Lazo JS, Yalowich JC, Allen WP, Whitmore M, 

Bergonia HA, Tzeng E, Billiar TR, Robbins PD, Lancaster Jr JR. 
1995. Metallothionein protects against the cytotoxic and DNAdamaging 
effects of nitric oxide. Proc Natl Acad Sci USA. 92: 4452-4456. 

• Serbina NV, Salazar-Mather TP, Byron CA, Kuziel WA, Pamer EG. 
2003. TNF/iNOS-producing dendritic cells mediate innate immune 
defence against bacterial infection. Immunity. 19: 59-70. 

• Shafer G, Cramer T, Suske G, Kemmner W, Wiedenmann B, Hocker 
M. 2003. Oxidative stress regulates vascular endothelial growth factor A 
gene transcription through Sp1- and Sp3-dependent activation of two 
proximal GC-rich promoter elements. J Biol Chem. 278: 8190-8198. 

• Shelton MD. et al. 2005. Glutaredoxin: role in reversible protein 
Sglutathionylation and regulation of redox signal transduction and protein 
translocation. Antioxid Redox Signal. 7: 348-366. 

• Silva GM. et al. 2008. Role of glutaredoxin 2 and cytosolic thioredoxins 
in cysteinyl-based redox modification of the 20S proteasome. FEBS J. 
275: 2942-2955. 

• Simko F, Simko J. 2000. The potential role of nitric oxide in the 
hypertrophic growth of the left ventricle. Physiol Res. 49: 37-46. 



62 
 

• Stadler J, Billiar TR, Curran RD, Stuehr DJ, Ochoa JB, Simmons 
RL. 1991. Effect of exogenous and endogenous nitric oxide on 
mitochondrial respiration of rat hepatocytes. Am J Physiol. 260: C910-
C916. 

• Stamler JS. 1994. Redox signaling: nitrosylation and related target 
interactions of nitric oxide. Cell. 78: 931-936. 

• Starke DW. et al. 2003. Glutathione-thiyl radical scavenging and 
transferase properties of human glutaredoxin (thioltransferase). Potential 
role in redox signal transduction. J Biol Chem. 278: 14607-14613. 

• Stefano GB, Salzet M, Magazine HI, Billfinger TV. 1998. Antagonism 
of LPS and IFN-gamma induction of iNOS in human saphenous vain 
endothelium by morphine and anandamide by nitric oxide inhibition of 
adenylate cyclase. J Cardiovasc Pharmacol. 31: 813-820. 

• Stricker NL, Christopherson KS, Yi BA, Schatz PJ, Raab RW, Dawes 
G, Bassett Jr DE, Bredt DS, Li M. 1997. PDZ domain of neuronal nitric 
oxide synthase recognizes novel C-terminal peptide sequences. Nat 

Biotechnol. 15: 336-342. 

• Suzuki JS, Kodama N, Molotkov A, Aoki E, Tohyama C. 1998. 
Isolation and identification of metallothionein isoforms (MT-1 and MT-2) 
in the rat testis. Biochem J. 334: 695-701. 

• Suzuki KT, Kuroda T. 1995. Transfer of copper and zinc from ionic and 
metallothionein-bound form to Cu, Zn-superoxide dismutase. Res Comm 
Mol Pathol Pharmacol. 87: 287-296. 

• Thornalley PJ, Vasak M. 1985. Possible role for metallothionein in 
protection against radiation-induced oxidative stress Kinetics and 
mechanism of its reaction with superoxide and hydroxyl radicals. Biochim 

Biophys Acta. 827: 36-44. 

• Tibaldi E, Brunati AM, Massimino ML, Stringaro A, Colone M, 

Agostinelli E, Arancia G, Toninello A. 2008. Src-Tyrosine kinases are 
major agents in mitochondrial tyrosine phosphorylation. J Cell Biochem. 
104: 840-849. 

• Tochio H, Zhang Q, Mandal P, Li M, Zhang M. 1999. Solution 
structure of the extended neuronal nitric oxide synthase PDZ domain 
complexed with an associated peptide. Nat Struct Biol. 6: 417-421. 

• Tucker BA, Rahimtula M, Mearow KM. 2008. Src and FAK are key 
early signalling intermediates required for neurite growth in NGF-
responsive adult DRG neurons. Cell Signal. 20: 241-257. 

• Ueda S, Masutani H, Nakamura H, Tanaka T, Ueno M, Yodoi J. 2002. 
Redox control of cell death. Antioxid Redox Signal. 4: 405-414. 

• Vallee BL, Falchuk KH. 1993. The biochemical basis of zinc physiology. 
Physiol Rev. 73: 79-118. 



63 
 

• Vallee BL, Coleman JE, Auld DS. 1991. Zinc fingers, zinc clusters, and 
zinc twists in DNA-binding protein domains. Proc Natl Acad Sci USA. 88: 
999-1003. 

• Vasak M. 2005. Advances in metallothionein structure and functions. J 

Trace Elem Med Biol. 19: 13-7. 

• Vasak M, Hasler DW. 2000. Metallothioneins: new functional and 
structural insights. Curr Opin Chem Biol. 4: 177-183. 

• Wang J, Boja ES, Tan W, Tekle E, Fales HM, English S, Mieyal JJ, 
Chock PB. 2001. Reversible glutathionylation regulates actin 
polymerization in A431 cells. J Biol Chem. 276: 47763-47766. 

• Wellinghausen N, Kirchner H, Rink L. 1997. The immunobiology of 
zinc. Immunol Today. 18: 519-521. 

• Whitacre CM. 1996. Application of Western blotting to the identification 
of metallothionein binding proteins. Anal Biochem. 234: 99-102. 

• Wilhelmsen TW, Olsvik PA, Hansen BH, Andersen RA. 2002. 
Evidence for oligomerization of metallothioneins in their functional state. 
J Chromatogr A. 979: 249-254. 

• Wu X, Bishopric NH, Discher DJ, Murphy BJ, Webster KA. 1996. 
Physical and functional sensitivity of zinc finger transcription factors to 
redox change. Mol Cell Biol. 16: 1035-1046. 

• Yu BP, Chung HY. 2006. The inflammatory process in aging. Rev Clin 

Gerontol. 16: 179-187.  

• Zangger K, Oz G, Haslinger E, Kunert O, Armitage IM. 2001. Nitric 
oxide selectively releases metals from the amino-terminal domain of 
metallothioneins: potential role at inflammatory sites. FASEB J. 15: 1303-
1305. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



64 
 

APPENDIX 
 
Papers published during Ph.D.: 
 
Casadei M, Persichini T, Polticelli F, Musci G, Colasanti M. S-
glutathionylation of metallothioneins by nitrosative/oxidative stress. Exp 
Gerontol. 2008; 43:415-22.  
 
Marcocci L, Casadei M, Faso C, Antoccia A, Stano P, Leone S, Mondovì 
B, Federico R, Tavladoraki P. Inducible expression of maize polyamine 
oxidase in the nucleus of MCF-7 human breast cancer cells confers 
sensitivity to etoposide. Amino Acids. 2008;34:403-12.  
 
Musci G, Persichini T, Casadei M, Mazzone V, Venturini G, Polticelli F, 
Colasanti M. Nitrosative/oxidative modifications and ageing. Mech Ageing 
Dev. 2006;127:544-51. 
 


