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Abstract

Background—~Post-translational modification of proteins by S-nitrosylation serves as a major
mode of signaling in mammalian cells and a growing body of evidence has shown that
transcription factors and their activating pathways are primary targets. S-nitrosylation directly
modifies a number of transcription factors, including NF-xB, HIF-1, and AP-1. In addition, S-
nitrosylation can indirectly regulate gene transcription by modulating other cell signaling
pathways, in particular JNK kinase and ras.

Scope of review—The evolution of S-nitrosylation as a signaling mechanism in the regulation
of gene transcription, physiological advantages of protein S-nitrosylation in the control of gene
transcription, and discussion of the many transcriptional proteins modulated by S-nitrosylation is
summarized.

Major conclusions—S-nitrosylation plays a crucial role in the control of mammalian gene
transcription with numerous transcription factors regulated by this modification. Many of these
proteins serve as immunomodulators, and inducible nitric oxide synthase (iNOS) is regarded as a
principal mediatiator of NO-dependent S-nitrosylation. However, additional targets within the
nucleus (e.g. histone deacetylases) and alternative mechanisms of S-nitrosylation (e.g. GAPDH-
mediated trans-nitrosylation) are thought to play a role in NOS-dependent transcriptional
regulation.

General significance—Derangement of SNO-regulated gene transcription is an important
factor in a variety of pathological conditions including neoplasia and sepsis. A better
understanding of protein S-nitrosylation as it relates to gene transcription and the physiological
mechanisms behind this process is likely to lead to novel therapies for these disorders. This article
is part of a Special Issue entitled Regulation of Cellular Processes by S-nitrosylation.
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1. Introduction

Nitric oxide (NO) has long been recognized as a modulator of gene expression both in
prokaryotic and eukaryotic cells. While NO-sensitive gene expression likely evolved in
prokaryotes as a means to adapt to environmental nitrosative stress, its role in mammalian
cells is primarily in stimulus-coupled, physiological signaling [1-3]. As such, the molecular
mechanisms that govern NO-regulated gene expression in prokaryotes and eukaryotes vary
widely. Whereas bacteria need to detect a general flux of NO in the context of a global,
cellular response to nitrosative stress, mammalian cells require NO-sensing that is targeted
(i.e. site-specific) and rapidly reversible in the context of signal transduction. The bulk of
NO-regulated gene transcription in bacteria is mediated through modification of iron (Fe)-
centered transcriptional regulons which, although highly sensitive to changes in cellular NO
(as well as oxidative stress), are not rapidly reversible [4,5]. In contrast, the vast majority of
NO-dependent gene transcription in mammalian cells is conferred by tightly regulated and
specific protein S-nitrosylation, either through direct modification of transcriptional
regulators or upstream intermediates in the respective signaling pathways.

Given the growing recognition and importance of protein S-nitrosylation in cellular
physiology and pathophysiology, this review will focus on transcription factors and other
modulators of gene expression that are regulated by S-nitrosylation. We seek to distinguish
physiologic, stimulus-coupled S-nitrosylation from that which may occur as a consequence
of exogenously-applied nitrosative stress. In this regard, the molecular mechanisms that
induce S-nitrosylation as well as denitrosylation of these transcriptional regulators will also
be discussed. As another review in this issue will cover the topic of S-nitrosylation in plant
physiology, we will limit our discussion to S-nitrosylation regulating gene transcription in
bacteria and mammalian cells only.

2. NO-sensitive gene expression in bacteria

In bacteria, NO induces the expression of enzymes that serve to protect the cell from
nitrosative stress that ultimately could lead to cell stasis and death [6]. Bacteria are subjected
to high levels of NO either in the process of nitrogen fixation (i.e. denitrification) or, in the
case of pathogenic bacteria (e.g. E. coli), via NO production from immune-response cells
(e.g. macrophages) [7]. In the case of denitrification, a cascade of redox-sensitive
transcription factors is activated, among which is DNR. DNR primarily responds to cellular
levels of nitrite (NO,) [8], reflecting the fact that nitrite is reduced to NO in bacteria by
nitrite reductases.

Including DNR, thirteen distinct NO-sensitive regulons have been identified in E. coli,
controlling the expression of enzymes involved in NO metabolism, iron homeostasis
(including iron-sulfur cluster repair), and methionine biosynthesis [9]. Expression of the two
primary NO-detoxifying enzymes, Hmp (flavohemoglobin) and NorV (flavorubredoxin), is
regulated by iron-nitrosyl formation within the transcription factors NsrR and NorR,
respectively [1]. In addition to NsrR, the expression of Hmp appears to also be at least
partially regulated by the ferric uptake regulation protein (Fur) and FNR regulons [10]. In
the case of Fur, the active form is a homodimer (FeFur) which contains a non-heme ferrous
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iron (Fe2*) bound to amino acid oxygen and nitrogen groups. When the cellular iron
concentration becomes low, FeFur loses Fe2* and is no longer able to bind to specific DNA
sequences. Under nitrosative conditions, the non-heme ferrous iron sensor is nitrosylated,
which leads to decreased DNA binding and triggers the expression of genes that control iron
uptake and storage [11]. Similarly, SoxRS, which regulates the transcription of oxidative
response genes can be activated by either oxidation or nitrosylation of a [2Fe-2S] cluster in
the SoxR sensor molecule [12]. When the SoxRS system is activated, bacteria gain
resistance to NO-producing immune cells through increased expression of a number of
different genes including manganese-dependent superoxide dismutase and the DNA repair
enzyme endonuclease IV [13,14].

While not the primary molecular sensing mechanism, two bacterial regulons have been
shown to be modulated by S-nitrosylation. A redox-sensitive cysteine (C203) in the
Salmonella regulon SsrB can undergo either oxidation or S-nitrosylation thereby inhibiting
SsrB DNA binding and preserving Salmonella pathogenicity [15]. Similarly, the
transcription factor OxyR regulates the expression of bacterial antioxidant genes via redox
modification of a single cysteine residue (C199) [16]. Oxidation (e.g. S-OH, S-SG) or
nitrosylation (S—-NO) of this thiol induces differential expression of antioxidant genes which
are dependent upon the specific cysteine modification [17]. The transcriptional response is
tied to distinct molecular conformational changes and DNA binding affinities of the redox-
modified OxyR. As such, OxyR may be an evolutionary precursor to mammalian
transcription factors that display reactive thiols that are sensitive to both oxidation and
nitrosylation (e.g. NF-xB). In addition, it has been proposed that the progression from S-
nitrosylation and reversible oxidative cysteine modifications (i.e. SOH, SSG) to irreversible
cysteine oxidation (e.g. sulphonic acid (SO37)) represents a graded transition from
physiological cell signaling to toxicity that occurs in the context of overwhelming
nitrosative and oxidative stress [18].

3. Nitrosative stress-induced gene expression in mammalian cells

Similar to bacteria, an adaptive transcriptional response is observed in mammalian cells that
are subjected to pathologically high levels of NO which occur in the context of dysregulated
iNOS activity (e.g. sepsis). However, in contrast to bacteria, NO-metabolizing genes are not
induced, rather genes that are predominantly involved in the cellular stress response.
Whereas some genes are directly activated by NO, others require additional cytokine-
induced signals that occur in conjunction with iNOS expression [2]. In hepatocytes, for
example, high output NO production (from iNOS) induces the transcription of genes coding
for pro-inflammatory transcription factors, cytokines, cytokine receptors, proteins associated
with cell proliferation and metabolism, and apoptosis [3].

Although not well delineated, the signaling mechanism(s) for nitrosative stress-induced gene
expression in mammalian cells differs from bacteria in that the response is mediated
primarily in an indirect manner, through NO activation of stress response signaling
pathways (e.g. MAP kinases) and not via direct modification of transcriptional regulators
[19]. A notable exception may be NO modification of zinc (Zn)-finger transcription factors.
A number of Zn-finger transcription factors are involved in regulating the cellular stress
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response (e.g. Spl, EGR-1) and have been shown to undergo S-nitrosylation under
conditions of nitrosative stress [20]. SNO maodification of these transcription factors will be
discussed in detail later in this review. NO may also regulate gene transcription by altering
cellular Zn levels as NO modification of the Zn-binding protein metallothionein leads to an
increase in intracellular Zn, resulting in the activation of the metal responsive transcription
factor MTF-1, a partial regulator of stress response pathways [21].

Tyrosine nitration, a NO-induced protein modification that predominates under conditions of
nitrosative stress, may also play a role in regulating the stress response in mammalian cells.
IxBa and p65, two proteins in the NF-xB signaling pathway, have been shown to undergo
tyrosine nitration with the modification affecting protein—protein interactions and an
increase in downstream NF-kB activity [22,23]. The tumor suppressor p53 also undergoes
nitration under conditions of nitrosative stress with this modification inducing protein
oligomerization, nuclear retention, and an increase in p53-dependent gene transcription [24].
Similarly, nitration of the glucocorticoid receptor (GR) enhances its nuclear translocation
enhancing GR-dependent transcription [25]. GR-dependent transcription is also increased by
nitration of histone deacetylase 2 (HDAC?2) which inhibits its activity leading to greater
histone acetylation, relaxation of the nucleosome structure, and increased transcriptional
activity at the GR complex [26]. It is important to note, however, that tyrosine nitration,
unlike S-nitrosylation, has not been demonstrated to be a reversible protein modification and
thus should not be considered as a physiological mechanism by which genetic expression is
regulated in mammalian cells.

4. Physiological regulation of mammalian gene expression by NO

4.1. cGMP-mediated gene transcription

Unlike bacteria, NO modulation of gene expression in mammalian cells occurs primarily in
the context of physiological signaling and not through pathological nitrosative stress. NO
achieves this goal either indirectly through an increase in cellular cGMP levels (via NO
activation of guanylate cyclase) or through direct NO modification of protein thiol (i.e. S-
nitrosylation). cGMP regulates gene expression positively and negatively both at the
transcriptional and posttranscriptional levels [27]. The principal mechanism by which cGMP
modulates gene expression is through changes in transcription factor phosphorylation and/or
expression. It is of interest that several of the transcription factors that are activated by
cGMP, in particular, AP-1, EGR-1, and CREB are also regulated by NO via protein S-
nitrosylation [28]. cGMP-dependent gene expression is characterized best in
cardiomyocytes, vascular smooth muscle (VSMC), and neuronal cells where NO-cGMP
signaling is of paramount importance in regulating cell proliferation, survival, and
differentiation [29]. In vascular smooth muscle cells, cGMP increases the expression of
RhoA, MAP kinase phosphatase-1 (MKP-1), and vascular endothelial growth factor (VEGF)
but decreases the expression of receptor guanylate cyclase A (rGC-A), and the cyclins A,
D1, and E [30-32]. The transcriptional effects here are predominantly protein kinase G
(PKG)-dependent although the mechanism by which PKG achieves specificity is unclear.
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4.2. Protein S-nitrosylation in gene transcription

While the importance of cGMP controlled gene transcription is firmly established and
unquestioned, a growing body of evidence indicate protein S-nitrosylation is the
predominant mechanism by which NO regulates gene transcription in mammalian cells with
at least 14 mammalian transcription factors shown to be regulated directly by S-nitrosylation
(Table 1). There are several reasons why S-nitrosylation holds a signaling advantage over
cGMP in regulating gene transcription. Unlike cGMP, S-nitrosylation allows the targeted
protein to respond to localized (i.e. subcellular) changes in NO that can be mediated by
compartmentalized or direct protein—protein interaction with NO-producing enzymes (e.g.
NOS). In this regard, several transcription factors (e.g. NF-xB, PARP-1) are known to be
regulated by stimulus-coupled, NOS-mediated S-nitrosylation [33,34]. Additional enzymatic
mechanisms other than NOS may also mediate S-nitrosylation of transcriptional regulators.
Possibilities here include Cu, Zn superoxide dismutase (SOD) and ceruloplasmin both of
which are facilitators of GSNO-mediated S-nitrosylation [35,36]. It seems likely, however,
that additional metalloproteins will also be identified that function in the transfer of NO (as
NO+) to protein thiol.

Similar to S-nitrosylation, stimulus-coupled denitrosylation of transcription factors has also
been demonstrated, although the precise mechanisms are not fully elucidated. Both NF-xB
p65 and IKKp undergo denitrosylation upon cytokine stimulation of respiratory epithelial
cells [34,37]. A potential mediator of this process is thioredoxin (Trx), which has recently
been shown to function in Fas-induced denitrosylation and activation of caspase-3 and is a
well-known redox regulator of the NF-xB Rel proteins. While not known to directly
metabolize S-nitrosylated proteins, S-nitrosoglutathione reductase (GSNOR), a glutathione-
dependent formaldehyde dehydrogenase, does indirectly affect protein denitrosylation by
decreasing cellular GSNO levels, which are known to be in equilibrium with protein SNOs
[38]. Protein disulfide isomerase and SOD are also known to catalyze the reduction of
GSNO although this activity has not been demonstrated in the context of stimulus-coupled
denitrosylation [39,40].

In addition to the specificity afforded by spatial interactions with nitrosylating and
denitrosylating enzymes, targeted S-nitrosylation of transcription factors can also be
achieved by the presence of amino acid motifs, either in secondary or tertiary structure, that
surround the reactive thiol [18]. For example, flanking acid—base matifs, which effectively
decrease the pKa of the reactive thiol facilitating SNO formation and stabilization, are found
in the DNA-binding domain (DBD) of the NF-xB Rel proteins, two of which, p50 and p65,
are known to be regulated by S-nitrosylation [34,41]. In addition, a hydrophobic pocket
surrounding the reactive cysteine also favors S-nitrosylation by increasing the ability of
locally produced NO to react with molecular oxygen resulting in the formation of nitrosating
species (e.g. NoOs) that then directly modify the thiol [42]. Given the specificity afforded by
these spatial and molecular substrate characteristics, comparisons can be drawn between
protein S-nitrosylation and O-phosphorylation in that both of these modifications exhibit
substrate specificity and that the steady-state levels are enzymatically regulated.
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5. S-nitrosylation of mammalian transcription factors

5.1. NF-xB

The effect of NO and, in particular, S-nitrosylation on the NF-xB pathway is well borne out.
NF-kB regulates the transcriptional activation of numerous genes, particularly those
involved in the inflammatory response, apoptosis, cell adhesion, differentiation and
proliferation [43]. In addition, the expression of all three NOS isoforms is at least partially
controlled by NF-«xB [44-46]. NF-kB activity is exquisitely sensitive to cellular NO levels
with multiple steps in the signaling pathway targeted by S-nitrosylation (Fig. 1). The
prototypical member of the NF-xB family is the p50-p65 heterodimer which is
constitutively expressed in most mammalian cells but held inactive in the cytoplasm by
binding to the inhibitory IxBa protein [47]. Upon stimulation, 1xBa is phosphorylated by
the IxBa kinasep (IKK2) subunit of the IKK complex. Phosphorylation of IxBa targets it
for ubiquitination and proteasomal degradation which allows for p50-p65 nuclear
translocation and kB-dependent gene transcription. NO inhibits NF-kB-dependent DNA
binding in a thiol-dependent manner through S-nitrosylation of the p50 monomer at a redox-
sensitive cysteine (C62) located in the Rel DBD [41,48]. In addition, the binding partner of
p50, p65, has also been shown to be targeted by S-nitrosylation in cytokine-stimulated
respiratory epithelial cells and macrophages inhibiting NF-xB binding to the NOS2
promoter and deactivating NOS2 expression [34]. The physiological importance of this
mechanism was recently demonstrated in the LPS-treated mouse lung where NF-xB
activation in the respiratory epithelium coincides with degradation of constitutively
nitrosylated p65 and augmentation of cellular SNO and SNO-p65 levels prior to LPS
treatment attenuates NF-xB activation and subsequent inflammation [49]. Interestingly, S-
nitrosylation of NF-xB p50 and p65 occurs at the same, conserved cysteine in the Rel DBD
suggesting that S-nitrosylation may be a regulatory mechanism inherent to all Rel proteins
[34].

Similar to the Rel proteins, IKK activity is also subject to both redox and NO regulation via
modification of a conserved cysteine residue (C179) located within the reactive loop of the
IKK2 subunit [37]. NO inhibits cytokine-induced IKK activity in lymphocytes and lung
epithelium with the mechanism determined to be S-nitrosylation of this reactive thiol [37].
At baseline, IKK2 is maintained inactive by S-nitrosylation however TNFa stimulation
induces rapid denitrosylation and activation of IKK, analogous to what is seen with NF-xB
p65 [34]. In this regard, whether denitrosylation is a generalized cellular response to
cytokine stimulation or a specific, coordinated process that initiates NF-xB activation is
unclear.

In addition to direct modification of NF-xB proteins, NO can also alter NF-kB activity
through S-nitrosylation of proteins in other signal transduction pathways that cross-talk with
NF-kB. For example, NO inhibits TLR-4 activation of NF-xB via S-nitrosylation of MyD88
[50]. S-nitrosylation of a specific cysteine residue within the TIR domain of MyD88 inhibits
its ability to translocate to the cell membrane, interact with TIRAP, and bind to TRAF6,
thereby preventing activation of the IKK complex. In addition to TLR-4, NF-xB activity can
be modulated by protein S-nitrosylation in the JINK1 and ras-PI3K-Akt pathways, which is
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discussed in detail later in this review. Collectively, the impact of S-nitrosylation on NF-xB
signaling and gene transcription likely reflects feedback regulation and the
immunomodulatory effects of iNOS, highlighting the importance of SNO metabolism in the
pathophysiology of inflammatory disease [49].

Hypoxia-inducible factor-1 (HIF-1) is a transcription factor involved in the oxygen-
dependent regulation of gene expression. While originally described as a regulator of
erythropoietin, HIF-1 is now known to control the expression of a diverse group of genes
involved in angiogenesis, apoptosis, inflammation, metabolism, and development [51].
HIF-1 is composed of two subunits, the basic-helix-loop-helix/Per-Arnt-Sim protein HIF-1a
and the constitutively-expressed aryl hydrocarbon receptor nuclear translocator (ARNT)
HIF-1p [52]. Under normoxic conditions, HIF-1 activity is negligible as proline residues in
HIF-1a are modified by hydroxylation through the activity of oxygen-sensitive prolyl
hydroxylase (PHD). Hydroxylation of HIF-1a induces interaction with the von Hippel-
Lindau-E3 ubiquitin ligase complex targeting HIF-1a for proteasomal degradation [53-57].
Under hypoxic conditions, the PHD enzymes are inactive but can be activated by NO [58].
Indeed, NO plays an integral and complex role in the regulation of the HIF-1 pathway (Fig.
2). Depending upon oxygen availability NO can either inhibit PHD (normoxic conditions) or
activate it (hypoxic conditions) [59,60]. The sensing mechanism in this case appears to be
NO interaction with a ferrous iron ligand located within the PHD active site and not protein
S-nitrosylation. However, S-nitrosylation is known to increase HIF-1 activity by modifying
HIF-1a at two distinct cysteine residues. S-nitrosylation of cysteine-533 in the oxygen
degradation domain stabilizes HIF-1a by inhibiting its binding to the von-Hippel Lindau
protein allowing for HIF-1a to interact with HIF-1p and undergo nuclear translocation [57].
S-nitrosylation of another redox-sensitive cysteine (C800) located within the C-terminal
activation domain also increases HIF-1 activity in this case by facilitating HIF-1a binding to
the co-activating p300/cyclic AMP response element binding (CREB) protein [61,62]. The
pathophysiological significance of S-nitrosylation in the HIF pathway was recently
demonstrated in a model of myocardial injury where SNO-HIF-1a was shown to bind to the
VEGF promoter inducing angiogenesis and myocardial protection from ischemia [56].

5.3. Activating protein-1 (AP-1)

Activator protein-1 (AP-1) is a heterodimeric protein belonging to the basic leucine zipper
(bZIP) transcription factor family that is composed of a Fos and Jun subunit with the
primary activating form being c-Fos/c-Jun [63]. In contrast to the constitutively expressed
NF-xB and HIF-1 proteins, activation of the AP-1 pathway occurs predominantly through
increased transcription and/or phosphorylation of these subunits. AP-1 is important in the
cellular stress response inducing the transcription of genes that function in the control of
inflammation, cellular differentiation, and apoptosis, processes that all come under the
influence of NO. In this regard, AP-1 has long been known to be sensitive to NO with
regulation both through cGMP-dependent and independent mechanisms [64,65].

AP-1 was one of the first mammalian transcription factors to demonstrate redox-sensitive
DNA binding with this redox sensitivity conferred by a single conserved cysteine located in
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the DBD of both the c-Fos (C154) and c-Jun (C272) subunits [66]. Similar to NF-xB, either
oxidation or nitrosylation of these cysteine residues in Fos and Jun inhibits DNA binding
[67]. Interestingly, GSNO can mediate S-glutathiolation of the same conserved cysteine in
the c-Jun subunit in deference to trans-nitrosylation [68]. However, whether a particular
redox thiol modification of the Fos/Jun subunits predominates in cell signaling or results in a
varying transcriptional response akin to the bacterial regulon OxyR remains to be
determined.

5.4. NF-E2-related nuclear factor 2 (Nrf2)

5.5. p53

Nrf2 is a transcription factor which regulates genes that serve to protect cells from oxidative
injury including NAD(P)H quinone oxidoreductase 1, glutamate-cysteine ligase, and heme
oxygenase-1 (HO-1) [69]. At baseline, Nrf2 is maintained inactive in the cytoplasm by
binding to Kelch-like ECH-associated protein 1 (Keapl), which targets Nrf2 for proteasomal
degradation by serving as a binding adaptor to the Cul3-based E3 ubiquitin ligase complex
[69]. NO has been shown to induce Nrf2-dependent antioxidant response element (ARE)
transcription via two distinct mechanisms: protein kinase C-delta (PKC8&)-mediated
phosphorylation of Nrf2 serine 40 and S-nitrosylation and inhibition of a critical cysteine
(C151) on Keapl [70]. S-nitrosylation of Keapl disrupts protein interaction with Nrf2
inhibiting its degradation and augmenting nuclear translocation [70-72]. The physiological
importance of this mechanism has been demonstrated in cytokine-stimulated macrophages
where NO activation of Nrf2 results in increased HO-1 expression which then serves to
inhibit iINOS expression [73]. In addition to SNO modification of Keapl, NO can also
increase ARE transcriptional activity through S-nitrosylation and inhibition of the nuclear
export protein CRM1 which allows for the nuclear accumulation of Nrf2 [74].

The tumor suppressor protein p53 regulates the transcription of genes that function in the
control of the cell cycle, DNA repair, and apoptosis. Pathological levels of NO can activate
p53 by inducing DNA strand breaks [75], but NO can also activate p53 through direct
molecular modification. p53 is active as a tetramer which contains identical subunits
composed of a N-terminal transactivation domain, a DNA binding domain containing a
Zn(Cys)zHis cluster, and a C-terminal domain which functions in protein oligomerization
and regulation [76]. In addition to the zinc coordinating thiols, the DBD of p53 contains
several other redox-sensitive cysteine residues that when oxidized disrupt p53 DNA binding
[77]. While likely targets for NO, none of these cysteines, to date, has been demonstrated to
undergo S-nitrosylation. However, NO has been shown to activate p53 through S-
nitrosylation and inhibition of the ubiquitin ligase Hdm2 [78]. P53 levels are normally kept
in check by Hdm2-mediated proteasomal degradation, however SNO modification of Hdm2
prevents its nuclear translocation resulting in an increase in nuclear p53 levels and
transcriptional activation. In addition to the inhibition of Hdm2, NO can also increase p53
activity by triggering its p38 MAPK-dependent phosphorylation (at serine 15) [79-81].
While the precise molecular mechanism here has not been discerned, S-nitrosylation is well
known to modulate the activity of MAP kinases and phosphatases [82,83]. In addition, NO
may also increase p53 activity via S-nitrosylation of the calcium-binding protein S100B,
which is a known binding partner and regulator of p53 activity [84].
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5.6. Zinc finger transcription factors

Zn finger domains are the most prevalent transcription factor DNA-binding motif with
several different Zn-coordinating amino acid sequences defined, the most common being Zn
bound to two cysteine and two histidine residues (Cys2—His2) [85]. Zn-finger domains are
known to be labile to NO with the thiol ligands susceptible to S-nitrosation which results in
zinc release, protein conformational change, and disruption in transcription factor DNA
binding [86]. Interestingly, despite the complete ejection of zinc from the protein, S-
nitrosylation of Zn-finger thiolates has been shown to be reversible indicating that the redox
status of the thiols and not the coordination of Zn is the primary limiting factor [87].

Members of the Zn finger-containing transcription factor family include Sp1, EGR-1, and
Yin Yang 1 (YY1). Spl and EGR-1 are constitutively expressed and have prominent roles in
the cellular stress response controlling both the basal and inducible expression of numerous
genes [52]. Sp1 and EGR-1 contain three Cys2-His2 Zn fingers in their DBD all of which
display redox-sensitivity [52]. Exposure of Spl or EGR-1 to pathological levels of NO
completely abolishes their DNA binding suggesting that the Zn-finger DBD is a target of S-
nitrosylation [87,88]. Further evidence to support this mechanism is seen in neuronal cells
where Sp1 undergoes interaction with nNOS resulting in the inhibition of DNA binding and
decreased transcription of Cu, Zn-SOD, a Sp1-dependent gene [89,90]. Surprisingly, NOS
inhibition has been shown to decrease Sp1 activity in neuronal cells although here the effect
appears to be dependent upon NO activation of Ras (by S-nitrosylation) and does not
involve Spl directly [91]. Interestingly, eNOS is a Spl-dependent gene with NO treatment
of endothelial cells inhibiting Sp1 DNA binding resulting in a decrease of eNOS
transcription [92]. In other cases, NO inhibition of Sp1 positively regulates gene
transcription as demonstrated in leukocytes where NO increases TNFa expression in
conjunction with a decrease in Sp1 binding to the TNFa promoter [93]. S-nitrosylation of
EGR-1 also appears to play a role in regulating the inflammatory response with SNO
inactivation of EGR-1 resulting in a decrease in IL-2 gene expression in cytokine-stimulated
lymphocytes [87]. Similar to Spl and EGR-1, YY1 is a ubiquitously expressed transcription
factor that functions in cell differentiation, replication, and apoptosis [94]. In this regard, S-
nitrosylation of YY1 results in upregulation of the Fas receptor and increased sensitization
to apoptosis [95-97].

5.6.1. Nuclear hormone receptors—An important subclass of Zn finger transcription
factors is the nuclear hormone receptor superfamily. The nuclear hormone receptors are
unique in that they contain two Zn finger domains that are coordinated to the protein by four
cysteine residues [98]. Members of the nuclear hormone receptor superfamily include the
glucocorticoid receptor (GR), vitamin D3 receptor (VDR), retinoic X receptor (RXR),
estrogen receptor (ER) and hepatocyte nuclear factor-4 (HNF4), all of which demonstrate
NO-sensitive transcriptional activity. In the case of GR, NO inhibits ligand binding with the
effect demonstrated to be thiol-reversible [99]. Conversely, NO inhibits the DNA binding
activity of both VDR and RXR also in a thiol-reversible manner [86]. While the thiol-
reversible nature of these NO effects implicates S-nitrosylation, proof of this modification in
either GR, VDR, or RXR to date is lacking. However, S-nitrosylation of the ER has been
firmly established in cells exposed to physiological levels of NO with this modification
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resulting in the impairment of ER DNA binding and inhibition of estrogen-dependent gene
transcription [100]. Interestingly, agonist-induced ERp activation leads to an increase in
eNOS-mediated protein S-nitrosylation which confers protection from ischemia/reperfusion
injury [101,102]. Another member of the nuclear hormone receptor family, HNF4, regulates
the expression of P450 detoxifying enzymes in the liver [103]. Under inflammatory
conditions, NO suppresses HNF4 DNA binding in hepatocytes resulting in a decrease in
cytochrome P450 expression [104,105]. In lung epithelial cells, NO was recently shown to
inhibit DNA binding of a related family member, hepatocyte nuclear factor 3 (HNF-3), in
this case leading to the decreased expression of surfactant protein B (SP-B) [106].

5.6.2. poly(ADP-ribose) polymerase (PARP)—The PARP family catalyzes the
addition of ADP-ribose polymers onto DNA binding proteins and functions in the repair of
DNA strand breaks, control of apoptosis, and pro-inflammatory gene expression [107].
PARPs contain two Zn-fingers which are located in the protein’s N-terminal DBD. The
prototypical and most highly expressed member of the family, PARP1, acts as a co-activator
of several different transcription factors including AP-1 and NF-xB [108]. Inhibition of
PARP-1 activity results in decreased NF-kB-dependent expression of immunomodulatory
genes, in particular iNOS [109]. Similar to NF-«xB, S-nitrosylation of PARP-1 occurs in the
setting of cytokine stimulation, is iINOS-dependent, and functions as feedback inhibition for
continued iNOS expression by decreasing binding and transactivation at the iNOS promoter
[33]. Whether S-nitrosylation alters PARP-1 catalytic function (i.e. ADP-ribosylation) as
well remains unclear but could represent a dual mechanism to limit excessive PARP-1
activity and iNOS expression [33].

5.7. Heterogeneous nuclear ribonucleoproteins (hnRNP)

Heterogeneous nuclear ribonucleoproteins (hnRNP) regulate gene expression both at the
transcriptional and post-transcriptional levels [110]. hnRNPs are important modulators of
the inflammatory response functioning to control the expression of TNFa, IL-1(,
cyclooxygenase-2, and iNOS [111]. In the macrophage, hnRNPs regulate iNOS expression
by binding to the 3’-untranslated region of iINOS mRNA tagging it for degradation. With
cytokine stimulation, hnRNP levels and hnRNP-iNOS mRNA complex formation decrease
resulting in greater iNOS protein expression [112,113]. iNOS activity, in turn, has been
shown to induce S-nitrosylation of hnRNP A/B inhibiting its binding to the osteopontin
promoter in cytokine-stimulated macrophages [114,115]. In vitro analysis has determined
the site of hnRNP S-nitrosylation to be cysteine 104 with DNA binding inhibition by SNO
shown to be thiol-reversible [115]. Interestingly, another ribonucleoprotein, hnRNP-U, binds
to the same promoter site as hnRNP-A/B and augments osteopontin expression. hnRNP-A/B
and hnRNP-U proteins, thus, serve antagonistic transcriptional regulatory functions in LPS-
stimulated macrophages [116].

6. Transcriptional regulation via S-nitrosylation in cell signaling pathways

6.1. c-Jun N-terminal kinase (JNK) pathway

The INK MAP pathway is activated by a wide variety of biological and environmental
stimuli with the downstream response mediated primarily by targeted phosphorylation and
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activation of transcription factors [117]. While c-Jun is the transcription factor that is the
best delineated target of INK, several other transcription factors including ATF-2, EIk1, and
p53 are also substrates. In general, JINK functions in pro-inflammatory and pro-apoptotic
signaling. The JNK pathway can initiate apoptosis by phosphorylation and inhibition of anti-
apoptotic Bcl2 proteins and the increased transcription of pro-apototic proteins, which is
predominantly mediated through activation of the SNO-sensitive transcription factor AP-1
[118]. SNOs are known to protect the cell from apoptosis, in part, through inhibition of INK
pathway [119]. In macrophages, cytokine-stimulated iNOS activity induces S-nitrosylation
of INK1 (at Cysteine 116) inhibiting its activity [82]. Likewise, nNOS serves to regulate
JNKZ1 in a similar fashion in neurons that are subjected to ischemia—reperfusion injury [120].
Disruption of the interaction between JNK1 and c-Jun may be an integral part of the
mechanism underlying the negative regulation of the JNK signaling pathway by SNO [121].
Apoptosis signal-regulating kinase 1 (ASK1) is another protein in the JINK pathway that is
inhibited by iNOS-mediated S-nitrosylation [122]. ASK1 lies upstream of JNK, with SNO
modification of ASK1 at cysteine 869 altering its ability to bind and phosphorylate MAP
kinase kinase substrates [123,124]. Interestingly, the dual specificity phosphatase MKP7,
which shows functional specificity towards substrates in the JNK pathway, is inhibited by
eNOS-mediated S-nitrosylation which in this case results in JNK3 activation [83].

6.2. Ras pathway

Ras proteins comprise a family of small GTPases that transduce signals from the cell
membrane, most notably growth factor receptors, to downstream effector pathways which
include ERK, Jak-STAT, and phosphoinositide 3-kinase (P13K)-Akt [124]. In this context,
Ras indirectly leads to the activation of numerous transcription factors, many of which are
known to be regulated by S-nitrosylation (e.g. CREB, AP-1, NF-kB). However, the activity
of several ras pathway proteins, including ras itself, is also known to be regulated by S-
nitrosylation. Ras is unique in that it is one of the few cellular proteins whose activity is
enhanced by S-nitrosylation. S-nitrosylation of cysteine118 in p21ras stimulates guanine
nucleotide exchange leading to activation of downstream ras pathways [125]. For example,
in neurons, SNO-modified p21ras induces stimulation of ATP-sensitive potassium K-ATP
channels which function in the protection from ischemic injury [126]. In macrophages, S-
nitrosylation of p21ras increases the expression of the pro-apoptotic protein BNIP3 (via the
ERK-HIF pathway) and initiating apoptosis [127]. Similarly, N-Ras undergoes eNOS-
mediated S-nitrosylation and activation in antigen-stimulated T cells, again resulting in ERK
activation and cell death [128,129].

While S-nitrosylation activates ras proteins, other targets in the ras signaling pathway are
inhibited by S-nitrosylation. The activity of Akt/PKB, which lies downstream of PI3K in the
ras pathway, is attenuated by NO via S-nitrosylation at cysteine 224 [130]. Akt is an
important regulator of cellular metabolism and SNO-AKkt levels are increased in the muscle
of diabetic (db/db) mice and aged rats suggesting that S-nitrosylation of Akt has
pathophysiological significance [130,131]. Upstream from ras, SNO reversibly inhibits
epidermal growth factor receptor tyrosine kinase activity through S-nitrosylation of two
distinct cysteines (C166 and C305) [132,133]. Conversely, protein tyrosine phosphatase 1B
(PT1B) activity is inactivated by S-nitrosylation of a cysteine located in its active site
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[134,135]. Interestingly, S-nitrosylation of PT1B has been shown to occur in the setting of
cellular oxidative stress and thus may be a mechanism to prevent irreversible oxidation of
the redox active cysteine [136]. Another phosphatase in the ras signaling pathway, PTEN,
has also been shown to be targeted by S-nitrosylation with the modification not only
inhibiting phosphatase activity but enhancing protein degradation as well [137,138]. PTEN
serves to dephosphorylate phosphatidylinositol 3,4,5-trisphosphate (PIP3), the primary
product of PI3K, which would function to attenuate Akt activation. Importantly, loss of
PTEN activity has been demonstrated in neoplastic and neurodegenerative disorders, where
SNO metabolism is known to be deranged [137,139].

7. S-nitrosylation in the nucleus

7.1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

7.2. Nuclear

Given the obvious importance of protein S-nitrosylation within the nucleus, insight into
defining the process by which nuclear proteins are modified by SNO has been of great
interest. Simple diffusion of NO across the nuclear membrane seems an unlikely mechanism
given the potential for deleterious nitration reactions, in particular that involving DNA, and
while transport of low molecular weight SNO would resolve this issue, specificity here is
also lacking. However, protein trans-nitrosylation reactions do have the potential for
specificity with SNO-GAPDH being an attractive candidate in this role. GAPDH was one of
the first proteins to be identified as a target for S-nitrosylation [140]. Initially, it was felt that
S-nitrosylation of GAPDH functioned primarily to inhibit GAPDH enzymatic activity. It
was later determined that S-nitrosylation of GAPDH initiates its binding to the E3 ubiquitin
ligase Siah1l, allowing the Siah-GAPDH complex to undergo nuclear translocation, which
then leads to the initiation of apoptosis [141]. The process is dependent upon nuclear
GAPDH activating p300/CBP acetylase activity [142]. More recently, it has been
determined that SNO-GAPDH also functions in the transnitrosylation of nuclear proteins
[143]. Targets include the deacetylating enzyme sirtuin-1 (SIRT1), HDAC2, and DNA-
activated protein kinase (DNA-PK) [143]. The process is Siah-dependent with the transfer of
SNO from GAPDH (cysteine 150) to the target proteins occurring within the nucleus.
Whether SNO-GAPDH similarly targets transcription factors (e.g. NF-xB) for S-
nitrosylation in the nucleus remains to be determined.

activity of NOS

The three principal isoforms of NOS: nNOS, eNOS and iNOS are found primarily in the
cytoplasm or, in the case of eNOS, attached to the plasma membrane. Because NO is an
extremely reactive and short-lived molecule, the subcellular localization of NOS is a
primary determinant of its physiological activity [144]. In this regard, a growing number of
proteins that are regulated by S-nitrosylation have been shown to require direct binding or
compartmentalized interaction with NOS [145]. In this context, nuclear translocation of
NOS is another potential mechanism by which SNO modification of intranuclear proteins
may be achieved. Evidence exists for all three NOS isoforms undergoing nuclear
translocation [146-148]. Data to support a physiological role in the nucleus, however, is
strongest for eNOS. G-protein coupled activation of hepatocytes induces eNOS translocation
from the plasma membrane into the nucleus where it induces iNOS transcription through
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increased NF-xB activation [149]. These results support earlier findings that eNOS
augments iNOS expression in cytokine-stimulated macrophages [150]. Furthermore, 17beta-
estradiol stimulation of endothelial cells also induces rapid eNOS nuclear translocation in
this case binding to the ER at the telomerase ("nTERT) promoter leading to an increase in
hTERT transcription [151]. Whether either of these responses is mediated by protein S-
nitrosylation is unclear, however given that both NF-xB and the ER are known SNO targets,
this possibility would seem likely.

7.3. Histone acetylation/deacetylation

7.4. Nuclear

By inducing relaxation of the nucleosome, histone acetylation promotes gene transcription
and histone acetylation has been shown to be an important factor in regulating the
expression of all three NOS isoforms [152-154]. The primary mechanism here appears to be
dependent on p300/CREB-hinding protein binding which enhances NF-xB-dependent NOS
gene transcription [155]. NO, in turn, is a key regulator of histone deacetylase (HDAC)
function. In neuronal cells, brain-derived neurotrophic factor (BDNF) triggers NO synthesis
and S-nitrosylation of HDAC2, leading to the dissociation of HDAC2 from the Fos, EGR-1,
VEGF, and nNOS promoters and an increase in their transcriptional activation [156,157].
NO inhibition of HDAC has been associated with the pathogenesis of Duchenne muscular
dystrophy, highlighting the pathophysiological importance of this mechanism [158,159].
Interestingly, NO has also been shown to increase nuclear translocation of HDAC in
endothelial cells, although this mechanism is via activation of protein phosphatase 2A and
not through SNO modification of HDAC [160]. More recently GAPDH, which undergoes
nuclear translocation upon S-nitrosylation, was shown to bind and trans-nitrosylate HDAC2,
delineating a mechanism by which S-nitrosylation of HDAC may be regulated [143].

import and export

The process of nuclear protein import and export, a key factor in the regulation of gene
transcription, has also demonstrated sensitivity to SNO. For example, TNFa stimulation
induces S-nitrosylation and nuclear translocation of the chloride intracellular channel protein
4 (CLIC4) [161]. SNO modification of CLIC4 results in a change in protein conformation
and enhanced binding to the nuclear pore complex proteins importina and Ran GTPase.
Interestingly, both nuclear importin and Ran have also been shown to undergo S-
nitrosylation, although the physiological importance has yet to be determined [162,163].
Furthermore, NO induces nuclear translocation of thioredoxin-1 which is mediated, in part,
by importina via redox modification of cysteine 69 in Trx [164], again implicating S-
nitrosylation in the process.

S-nitrosylation of the primary nuclear export protein, karyopherin chromosomal region
maintenance 1 (CRM1), has been shown to inhibit its activity by disrupting CRM1 binding
to nuclear export signals (NES) [74]. SNO inhibition of CRM1 is one mechanism by which
NO evokes an increase in nuclear Nrf2 levels and ARE-dependent gene transcription [74].
On the other hand, NO increases CRM1-dependent nuclear export of redox factor-1
(REF-1), although here S-nitrosylation of Ref-1 (at cysteines 93 and 310), and not CRM1
modification, is the triggering mechanism [165]. It is important to note that Ref-1 regulates
the DNA binding of AP-1, NF-«xB, and other redox-sensitive transcription factors by
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reducing reactive cysteines in their respective DBD [166], but whether S-nitrosylation
affects this activity as well is unclear.

8. Conclusion

Accrued evidence leaves little doubt that protein S-nitrosylation plays a crucial role in the
regulation of gene transcription. Given the development of increasingly sensitive techniques
to detect endogenous SNO-modified proteins, the list of transcription factors identified as
being regulated by S-nitrosylation continues to grow. Placement of these SNO-modified
proteins into physiological context is imperative and is best achieved through a better
understanding of the mechanisms by which transcriptional regulators are targeted for S-
nitrosylation/denitrosylation. Elucidation of these pathways is likely to result in the
development of novel therapeutic strategies for cancer, sepsis, and other diseases where
dysregulation of SNO metabolism and gene transcription are intimately associated.
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Fig. 1.
S-nitrosylation in NF-kB signaling. Engagement of cell surface receptors [TNFa (TNFR1),

IL-1 (IL-1R), TLR-4, growth factor receptor] leads to the recruitment of receptor-associated
proteins, several of which, p21ras, epidermal growth factor (EGF) tyrosine kinase, and
MyD88, are regulated by S-nitrosylation. TNFR1 also activates the INK kinase pathway
which can enhance NF-xB signaling via the effects of the E3 ubiquitin ligase SCF--TrCP
and IxBa proteasomal degradation. S-nitrosylation of two JNK pathway proteins, apoptosis
signaling kinase 1 (ASK1) and JNK1, inhibit SCF-B-TrCP activation. Phosphorylation of
IxBa, which targets it for ubiquitin-mediated proteasomal degradation, is inhibited by SNO
modification of the IxBa kinasep (IKKR) subunit or the ras pathway protein Akt. DNA
binding of the NF-xB activating heterodimer (p50-p65) is inhibited by S-nitrosylation of
either subunit. Thioredoxin can denitrosylate NF-xB p50-p65 directly or indirectly via
activation of Ref-1 in the nucleus. S-nitrosylation, in turn, inhibits the activity of thioredoxin
and Ref-1.
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Fig. 2.
S-nitrosylation in HIF-1 signaling. NO inhibits proline hydroxylases (PHD) under normoxic

conditions. S-nitrosylation of HIF-1a at cysteine-533 (C533) interferes with binding to the
von Hippel Lindau (VHL) protein preventing its ubiquitination and proteasomal
degradation. HIF-1a interacts with HIF-13 and the complex translocates to the nucleus to
activate genes such as VEGF. HIF-1a also undergoes S-nitrosylation at cysteine-800 (C800)
facilitating binding of the transcriptional co-factor p300/CREBwhich also increases HIF-1-
dependent transcription.
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Table 1
List of transcription factors directly regulated by S-nitrosylation.
Transcription factor L ocation of modified cysteine Effect References
NF-xB p50 DNA binding domain Inhibition of DNA binding [18,48]
NF-xB p65 DNA binding domain Inhibition of DNA binding [34,49]
AP-1 c-Jun DNA binding domain Inhibition of DNA binding [66-68]
AP-1 c-Fos DNA binding domain Inhibition of DNA binding [66,67]
HIF-1a (C533) Oxygen-dependent degradation domain Protein stabilization [57]
HIF-1a (C800) Transactivation Domain Enhanced binding of CREB transactivation co-  [61,62]

[52,90,92,93]
[52,87,88]
[95-97]
[104,105]
[100-102]
[33,109]
[167]
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