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Abstract

Nitric oxide (NO) has a highly diverse range of biological functions from physiological signaling
and maintenance of homeostasis to serving as an effector molecule in the immune system. Many
of the dichotomous effects of NO and derivative reactive nitrogen species (RNS) can be explained
by invoking precise interactions with different targets as a result of concentration and temporal
constraints. Endogenous concentrations of NO span five orders of magnitude, with levels near the
high picomolar range typically occurring in short bursts as compared to sustained production of
low micromolar levels of NO during immune response. This article provides an overview of the
redox landscape as it relates to increasing NO concentrations, which incrementally govern
physiological signaling, nitrosative signaling and nitrosative stress-related signaling. Physiological
signaling by NO primarily occurs upon interaction with the heme protein soluble guanylyl cyclase.
As NO concentrations rise, interactions with nonheme iron complexes as well as indirect
modification of thiols can stimulate additional signaling processes. At the highest levels of NO,
production of a broader range of RNS, which subsequently interact with more diverse targets, can
lead to chemical stress. However, even under such conditions, there is evidence that stress-related
signaling mechanisms are triggered to protect cells or even resolve the stress. This review
therefore also addresses the fundamental reactions and kinetics that initiate signaling through NO-
dependent pathways, including the chemistry of RNS and their molecular targets.
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l. Introduction to the Principles of the Redox Landscape

The chemical biology of a number of elements such as oxygen, nitrogen and sulfur hinges
on interconversion between redox-related species. Respiration for example depends on the
controlled four-electron reduction of molecular oxygen to water through superoxo, peroxo
(putatively) and oxo intermediates. Similarly, the nitrogen cycle, in which molecular
nitrogen is converted into ammonia and nitrate to facilitate nitrogen assimilation, generates
intermediate species both more oxidized and reduced than N,. Another example is thiol-
disulfide cycling, which has long been known to impact protein structure and function and to
maintain cellular redox homeostasis. Respiration, the nitrogen cycle and many other
processes are dependent upon the well-known redox activity of metals. The functions of a
number of organic cofactors, such as ascorbate, quinones and NADH, also rely on redox
processes. The redox landscape can thus be defined as the sum of all redox active molecules
in a specific environment such as the biosphere, the ocean or an individual organism, organ,
cell or subcellular compartment.

Redox biology governs many aspects of prokaryotic and eukaryotic metabolism. In addition,
modification of biological molecules by free radicals and other redox active species has long
been considered to be integral to numerous pathological mechanisms. For instance, there is
substantial evidence that under inflammatory conditions, abnormal production of redox
active molecules can induce stress conditions, cell death and tissue injury [1]. However,
redox active molecules also serve as signaling agents for control of a variety of physiological
functions as well as coordination of inflammatory and tissue restoration mechanisms [2].
Furthermore, it is now apparent that redox signaling, particularly during inflammation, has
significant potential to positively impact disease etiology. This review is focused on the
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signaling aspects of the redox landscape, particularly with respect to inflammatory
conditions.

Intracellular communication and immune response are mediated by at least five classes of
endogenously generated reactive small molecules (Figure 1): nitric oxide (NO) and reactive
nitrogen oxide species (RNS), reactive oxygen species (ROS), eicosanoids and reactive lipid
species (formed by oxidation of fatty acids), a variety of sulfur-based species such as
hydrogen sulfide (H,S), thiols and disulfides and carbon monoxide (CO; formed from
oxidation of heme [3]. Small molecules such as CO, H,S and eicosanoids are currently
considered to primarily serve regulatory functions. In contrast, numerous studies describe
deleterious as well as beneficial roles of NO, its related RNS and ROS. During pathogenic
challenge or neoplastic development, ROS and NO/RNS serve as one arm of host defense
and can be generated with high spatial focus. However, despite their anti-pathogen response,
these species play vital roles in normal physiology, immunoregulation and coordination of
tissue restoration. Electrophilic lipids, which serve as inhibitors of inflammation and
initiators of apoptosis (see [4]), also can mediate pathophysiological conditions such as
neurodegeneration [5].

Within the context of the redox inflammatory landscape, both signaling and stress must be
considered. While redox-induced stress is a result of extensive and often indiscriminate
chemical modification of bioorganic molecules, redox signaling involves modification of
individual targets that elicit specific biological cascades and result in precise phenotypic
responses. Physiological signaling involves general maintenance of homeostasis and
regulation of normal cellular function. On the other hand, stress-related signaling is initiated
by sentinels that sense perturbations in normal homeostasis such as lack of oxygen or
nutrients, the presence of pathogens, cellular modifications, mitochondria dysfunction and
DNA damage. Stress signaling subsequently triggers mechanisms to protect the cell from
such challenges, to regulate the inflammatory response or to resolve the stressful incident
and restore homeostasis. Stress signaling can result either in cell protection or death and
often involves the coordination of different types of cells.

To more fully define redox stress versus signaling, an understanding of the chemistry with
respect to reaction conditions is necessary. Stress is traditionally defined by uncontrolled
modifications of biomolecules, especially DNA and proteins, once natural cellular defenses,
such as antioxidant systems, are overwhelmed [6]. Therefore, stress often results from
exposure to very high levels of reactive species (in the stoichiometric sense), generally for
prolonged periods of time, such that damage can accumulate to a point that results in cell
dysfunction or death. However, lower fluxes of the same reactive species can instead initiate
beneficial processes that lead to cell survival. The major differences between normal and
stress signaling are the nature (or degree) of the targets that are modified as a function of the
concentration of reactive species involved in the signaling event.

For any reaction, thermodynamic factors control chemical outcome. For large biological
molecules such as enzymes that have evolved to serve specific purposes via conformational
changes, entropy is often the predominant thermodynamic contributor. In contrast, enthalpic
changes upon formation of covalent bonds with specific targets often dictate the effects of
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small signaling agents. These two processes are often interrelated, as exemplified by
coordination of NO to the heme center of soluble guanylyl cyclase (sGC), which
allosterically regulates the distant active site (for example, [7]). It is critical however to not
discount the importance of kinetic factors. If the rate of a reaction is slow, thermodynamic
favorability may be irrelevant, particularly in the complex environment of a living system.
Reaction rates, and biological outcome, depend on concentration as well as spatial and
temporal factors. These factors can directly impact the interaction of reaction partners, but
also can influence the formation of such reacting species.

Many redox signaling agents are produced enzymatically and oxidatively in highly
controlled fashion by enzymes including NO synthase (NOS), NADPH oxidase (NOX),
cyclooxygenase (COX), lipoxygenase (LOX), cystathionine-p-synthase (CBS) and heme
oxygenase (HO) (Figure 1). In addition to inherent spatial and temporal control, different
isoforms also provide concentration gradients. For instance, the NOX2 isoform is generally
associated with production of high levels of superoxide (O,7) for pathogen control, but is
also critical for signaling in the inflammatory cascade in myeloid cells [8]. In contrast,
NOX1, 3, 4, 5 and 6 all produce lower fluxes of O,™ and are considered to serve more
regulatory roles [9]. Isoforms can also produce different signaling agents as exemplified by
the COX enzymes; COX2 is induced under inflammatory conditions to produce PGE and
prostacyclin (PGl,) while COX1 leads to a signaling cascade primarily through
thromboxane A, (TXA) [10]. In addition, that LOX, HO-1 and HO-2 systems have similar
inflammatory redox and regulatory roles indicates that nature has harnessed parallel
mechanisms to mediate varied and specific functions.

Under normal physiological conditions, redox active signaling agents are generally produced
at low concentrations for short durations in specific locations. Under such conditions, rapid
reactions between signaling agents and targets provide selective kinetic advantages, limiting
other signaling processes that may be deleterious to cellular function. This type of kinetic
specificity, allowing a single target to be modified at very low doses of a signaling agent, is
again well exemplified by binding of NO to sGC. The rate constant for association of NO to
heme centers is typically very high relative to other potential targets [11], such that low
nanomolar levels of NO are sufficient to activate sGC. The resulting amplification of cGMP
production then stimulates a biological cascade leading to vasodilation (for example, [12]).

While many physiological processes occur on the millisecond to minute timescale,
inflammatory conditions are generally in effect for much longer time periods. Acute
inflammation, such as results from response to pathogens, ischemia/reperfusion or trauma, is
mediated over several days. In contrast, chronic inflammatory diseases such as Alzheimer's
disease and cancer require months, years or even decades to fully develop. Such diseases are
often described as creating amplified inflammatory loops [13]. Under acute and chronic
inflammation, both the levels and duration of redox signaling agent production can reduce
the kinetic specificity that exists under normal physiological conditions, such that there is an
increased contribution from slower signaling processes.

Redox active signaling agents are highly interrelated, such that it is challenging to focus
exclusively on a single class or species. One clear example of the complexity arising from
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the interactions of small redox active molecules is the classification of peroxynitrite formed
from association of NO with O,~ as both an RNS and ROS. There are numerous excellent
reviews emphasizing various aspects of redox signaling including the effects of specific
reactive species (e.g., HoO,, peroxynitrite) or classes (e.g., lipids, RNS), interactions with
specific targets (e.g., post-translational modification of thiols) and impacts on specific
conditions (e.g., cancer, heart failure). Here, we correlate NO concentration with
corresponding physiological and stress-related signaling cascades, with an emphasis on
inflammation, wound healing and oncogenesis.

The chemical biology of NO is critically dependent on localized chemistry [2, 14].
Furthermore, the three isoforms of NOS together produce NO over a wide concentration and
temporal range. The constitutive isoforms, endothelial and neuronal NOS (eNOS/NOS3 and
nNOS/NOS1), produce low cellular levels of NO, generally for regulation of cGMP and
subsequent events (for example, [15]). Under hypoxia, reduction of nitrite (NO,™) can
provide an alternative, oxygen-independent source of low levels of NO (for example, [16]).
Inducible NOS (iNOS/NOS2) is also constitutively expressed for kidney and lung function,
but upon induction can produce sustained NO fluxes in the micromolar range for days [14].
Among the NOS isoforms, NOS2 is therefore unique in being able to produce NO over four
orders of magnitude, resulting in diverse signaling and immunotoxic effects [17-19]. Here,
we highlight RNS formation and RNS-mediated modifications and their signaling
ramifications as a function primarily of NOS2 activation. Discussion of control of NO levels
and interplay of NO and RNS with other redox active species is also included.

Il. Levels of NO and Cellular Signaling

Since the discovery of endogenous production of NO by NOS, there has been a debate as to
whether regulation of cGMP formation or the immune response of macrophages is the more
important function of NO. It remains a common practice to examine whether an observed
NO-dependent process is also sGC-dependent, for example, by employing the sGC inhibitor
ODQ. However, it is now understood that NO has more diverse functions, including
regulation of iron and initiation of protective mechanisms during oxidative stress [20-24]. In
correlation with the sGC/macrophage debate, NO levels have been historically thought to be
bimodal: in the low nanomolar range to activate sCG or approaching low micromolar levels
in localized regions as a function of immune response [25]. More recent data suggest instead
a continuum in which specific NO fluxes correlate with specific signal transduction
pathways.

Estimation of NO fluxes from NOS

Despite substantial progress with respect to detection of NO, real-time analysis of NO
production in cells and tissues continues to be challenging. In the absence of direct
quantitative data, indirect methods have been developed to investigate NOS signaling from
the perspective of both the concentration and temporal profile of NO production. In
particular, NO donors that release NO in a controlled manner have proven to be useful
mimics of NOS. For instance, the fluxes of NO produced upon decomposition of
diazeniumdiolates (also commonly called NONOates) can be accurately measured in vessels
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of varied size and shape by use of an NO-selective electrode [26, 27]. Exposure of cultured
cells to varied fluxes of NO from these donors, by changing the donor concentration or
identity (for detailed discussions of NO donors, see [26, 28, 29]), has facilitated mapping of
the large range of biological activities of NO as a function of donor concentration and the
associated flux of NO (Figure 2) as well as time.

That specific concentrations of NO donors are able to replicate the biological effects of
activated murine macrophages (NOS2-specific) provides some quantitative insight about the
NO fluxes that are either generated by these cells or are necessary to elicit a phenotypic
response. For instance, co-culture of a 1:1 ratio of murine macrophages with other cell types
produces an environment equivalent to the ~100 nM NO flux produced by 10-20 pM
SPER/NO or 100 uM DETA/NO. On the other hand, a 4:1 ratio provides fluxes similar to
100-300 UM SPER/NO or 1-2 mM DETA/NO (~0.5-1 uM NO) [27, 30-32]. A similar
comparison can be made with other cell types that express NOS2, including cancer cells. In
such systems, NOS2 can be upregulated by a variety of conditions including cytokine
exposure, hypoxia or serum withdrawal [33]. Responses attributed to generation of NO by
NOS2 can be observed and then replicated with NO donors. Such systems also allow
verification that the observed effect is NO-dependent by addition of specific NOS inhibitors
or NO scavengers.

Exposure of cells to different fluxes of NO in this manner provides an important method to
tease out in the Petri dish potential biological effects or signatures that can be extrapolated to
animal models or even patients via immunohistochemical or gene expression analysis [33].
Although further studies are required to determine if NO donors reproduce the levels of NO
generated in the cellular microenvironment, this method provides a first approximation
toward deciphering the signaling and related chemical biology as a function of NO level.

It is important to note that significant differences may exist in the amount of NO generated
by rodent and human NOS, as a function of both cellular and systemic dissimilarities. Early
studies demonstrated that immune activators such as LPS and IL-2 clearly drive increases in
plasma nitrate/nitrite in mice and in humans [34-42]. While there are similar resting levels of
nitrate (25 uM) and nitrite (1 uM) in both species, administration of LPS to mice led to as
much as 1 mM nitrate/nitrite while in humans peak levels were only 50-115 yuM [34,
39-42]). Activation with IFNy and LPS of murine macrophages leads to significant and rapid
increases in nitrate/nitrite, reaching >10 uM in media within hours of NOS2 induction [42].
In contrast, human monocytes and peritoneal macrophages show virtually no accumulation
of nitrate/nitrite and exhibit 50-fold lower NOS2 activity than stimulated murine
macrophages [43]. This study suggested that reduced bioavailability of tetrahydrobiopterin
was critical in limiting NOS2 activity.

Polymorphonuclear leukocytes showed little NOS activity compared to endothelial cells,
which upon LPS-stimulation exhibit 400 times higher activity than resting cells [44].
Surprisingly, activation with IL-12 of natural killer cells leads to accumulation of >60 uM
nitrate/nitrite during 72 h culture [45]. Moreover, human hepatocytes can generate similar
levels of nitrate/nitrite (40-60 uM) in 24 h compared to murine models [46, 47]. Induction of
NOS2 in breast cancer cells with IFNy, PGE2, IL-6 or LPS results in 1 uM nitrate/nitrite
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[33]. In human fetal astrocytes, levels on the order of 40-60 UM were achieved over 72 h
stimulation with IL-1/IFNy or TNFq, indicating that astrocytes provide the major flux of NO
in the human brain. However, in cytokine stimulated breast cancer cells, downstream NO-
mediated signaling pathways correlated with an ~300 nM NO flux, in comparison to ~1-10
UM in activated murine macrophages [2]. At this point the basis and ramifications of the
difference in NO levels between species and cell types has not been fully realized, but
clearly there are important functional differences in NOS2 performance and biology
between rodents and humans.

Use of NONOates has suggested that there are characteristic biomarkers and specific signal
transduction pathways that correlate to specific fluxes of NO [26, 27] (Figure 2). It is useful
to categorize NO signaling into three distinct tiers of steady state NO concentrations: low
nanomolar (<100 nM), intermediate nanomolar (~100-500 nM) and above (approaching or
even exceeding 1 pM) (Figure 2).

At the lowest levels, NO reacts primarily with ferrous hemes to mediate cGMP-dependent
signaling as well as with reactive radicals [25, 48], such as those produced in lipid
peroxidation. The direct interactions of NO with heme and free radical targets have been
well documented previously [11, 25]. Although cGMP-dependent signaling such as in
vascular regulation is a complex process, its initiation by binding of NO to sGC is relatively
straightforward. Furthermore, such reactions, although important to signaling, are not
generally categorized as redox reactions, although NO is produced through an oxidative
mechanism.

When NO levels rise, other, more Kinetically constrained reactions begin to be consequential
along with radical scavenging and interactions with heme proteins. For instance, NO can
interact with cytosolic, nonheme iron targets. In addition, conversion of NO into RNS can
lead to indirect signaling through nitrosative, nitrative and oxidative modifications. Such
modifications involve redox reactions and depend significantly on the redox landscape with
respect to nitrogen, oxygen and sulfur-based species, demonstrating the interrelated nature
of redox mediators (see section 1V for a more detailed discussion).

Intermediate NO levels

Higher levels of NO are generally considered to be a component of abnormal conditions,
including wound healing and stress-related responses, rather than normal physiology.
Inflammation or injury stimulates numerous events. Early responses prevent blood loss,
sterilize the area against pathogens and activate the innate and adaptive immune responses.
In immune cells, NOS2 is generally induced, along with COX2, within 24-36 h of the
stimulus [49]. This corresponds to the transition of the innate immune response to either an
adaptive response if necessary or to the initiation of wound healing [50, 51]. NOS2 is
involved in sterilization, immunosuppression and in a variety of wound healing responses
and thus is critical to initiation and resolution of inflammation [14].

NO levels higher than 100 nM have been shown to initiate multiple pathways that are
associated with wound healing and tissue restoration responses [20, 21, 32] (Figure 2). For
example, inhibition of the nonheme iron protein prolyl hydroxylase by nitrosylation
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stabilizes hypoxia-inducible factor (HIF)-1a, a transcription factor that can in turn increase
proliferation and migration of endothelial cells by stimulating release of vascular endothelial
growth factor (VEGF) [20, 52]. Such studies build on earlier work by Drapier and coworkers
who showed that regulation of the transferrin receptor and ferritin also occurred at higher
levels of NO [53].

Thiol modifications are also involved in promation of cell growth. For instance thiols in the
membrane proteins transforming protein p21 (H-Ras), epidermal growth factor receptor
(EGFR) and proto-oncogene tyrosine-protein kinase (Src) regulate activation of the classic
growth factors and downstream targets phosphoinositide 3-kinase (PI3K) and extracellular-
signal-regulated kinases (ERK) [54-56]. Recent studies have shown that levels of NO around
300 nM (300 uM DETA/NO) lead to increased S-nitrosation and activation of these targets
[57, 58].

Within the context of this review, we categorize such processes as nonheme iron
nitrosylation or nitrosative signaling, signifying both initiating reactions as well as the level
of NO required. Stabilized downstream products, such as HIF-1a or phosphorylated ERK,
are often observable, indirect markers of these signaling pathways. Given the difficulty in
quantifying NO levels in cells or tissue and the complexities of signaling pathways, it is
important to emphasize that many studies provide only correlative evidence linking a
specific signaling effect to a thiol modification (for a detailed discussion, see [59]).
Furthermore, post-translational modification of thiols is by no means limited to S
nitrosation. Thiols can be converted into numerous oxidized products, of varying degrees of
stability (see [60]). Thiol oxidation or nitrosation may also facilitate S-glutathionylation (see
[61]). Given the complexity of the interchange reactions, both spontaneous and regulated,
and that specific thiols may be susceptible to diverse modifications, identification of an
individual signaling event and full elucidation of a signaling specific signaling pathway can
be extremely challenging.

At present, our model is dependent on the correlation of NOS2 expression with elevation of
a downstream marker and on detection of an S-nitrosothiol footprint as an indication of
initiation of a signaling event by nitrosative chemistry. Use of specific scavengers to abate a
signaling mechanism [57] is beginning to offer some experimental causation support for this
model. Nonetheless, this model may be too reliant on detection of stable S-nitrosothiols, and
future analyses may lead to expansions of the model to include other chemical modifications
and more complex thiol-dependent pathways.

In addition to promotion of proliferation, the intermediate range of NO can lead to
conversion of the immune suppressive factor transforming growth factor (TGF)-§ from the
latent to active form [62], presumably through S-nitrosation. NO also increases levels of the
anti-inflammatory cytokine interleukin-10 (IL-10) in Tyeq cells as well as in some cancer
cells [63-65]. An additional mechanism for IL-10 production is through NO-dependent
increases of COX2 [3, 57]]. Taken together, this level of NO provides immunosuppression
with respect to Thl type responses, which is essential for tissue restoration.
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Induction of COX2 by NO [57] can also facilitate angiogenesis. Furthermore, NO may play
a critical role in increased angiogenesis and organization of the matrix for wound healing
responses by suppressing tissue inhibitor of metallopeptidase 1 (TIMP1) while increasing
the activity of matrix metalloproteinase (MMP)-9 [66], which degrades components of the
extracellular matrix. NO mediated increases in MMP9 secretion and activity as well as
reduced TIMP1 expression in microglial cells is critical for the elimination of plaques in
murine models of Alzheimer's disease and in humans [67].

Together, such studies indicate that the intermediate level of NO produces a pro-growth,
proliferative, immunosuppressed, pro-angiogenic and enhanced mobility environment that is
critical to wound healing and tissue restoration through specific post-translational
modifications.

High NO levels

At the high end of the spectrum, proteins that are related to stress response may be stabilized
and activated. For example, high levels of NO lead to phosphorylation and stabilization of
p53 [31], suggesting a role for NO in cell cycle regulation, DNA repair and apoptosis,
particularly during inflammation. Interestingly, NOS2 and P-p53 are co-localized in tissues
from patients with ulcerative colitis or Crohn's disease. S-Nitrosation of cysteine 258 of the
phosphatase MKP-1 also increases its stability and activity [68], which decreases ERK
signaling, causing cell cycle delay. The levels of S-nitrosated MKP-1 observed in tissues
from head or neck cancer patients post radiation was reproduced by NO donor
concentrations that produced high, prolonged fluxes of NO.

High levels of NO also induce the cellular growth transcription factor nuclear respiratory
factor (NrF)-2A and an increase in proteins that have an antioxidant response element (ARE)
[69, 70]. In addition, very high fluxes of NO, such as lead to nitrosative stress, can nitrosate
and inhibit of caspases and poly(ADP-ribose) polymerase (PARP) [71, 72]. Under these
conditions, apoptosis may instead be inhibited, for example as a protective measure in the
vicinity of activated macrophages. However, chemical stress, especially within organelles
such as the nucleus, mitochondrion or endoplasmic reticulum, may overwhelm a cell,
particularly when proteins or nucleic acids are modified indiscriminately.

In chronic disease, involving extended exposure to pathogens or particulates such as plaques
in the brain or following a critical mutation, wound healing processes persist and can lead to
fibrosis or tumor growth [3]. In cancer, such pathways would then be considered to be pro-
oncogenic and may lead to poor outcome [33]. Thus, the same NO signaling mechanism
may lead to different biomedical outcomes, depending on the disease or the extent of the
inflammation process. The seemingly conflicting roles of NO, for example in apoptosis, are
often a result of both the level and timing of exposure to NO.

Although there are numerous examples of distinct responses to nitrosated proteins /n vitro,
questions remain as to whether NO concentrations necessary to induce nitrosative stress
exist /n vivo. Again, one indicator that high NO fluxes are possible in specific areas is co-
localization of P-p53 with NOS2 [31]. In murine models of leukemia, NOS2 and NO have
tumoricidal properties and induce the stabilization of p53 leading to apoptosis [17]. NOS2

Free Radic Biol Med. Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas et al.

Page 10

and p53 double knockout mice develop leukemia and tumors, indicating that these proteins
may serve as critical control switches for cancer development [73]. Xie et al. have suggested
that NOS2 produces high levels of NO under these conditions and leads to increased
tumoricidal activity [74]. In addition, fully activated murine macrophages or high levels of
NO from donors can inhibit different pathogens such as Li/steria, limiting their proteolysis
[75]. Taken, together it has become clear that murine macrophages have the potential to
sustain low micromolar NO fluxes at the cellular level.

In summary, the lowest levels of NO induce normal physiological signaling while
intermediate levels of NO stimulate wound-healing responses, and high levels anti-pathogen
and antitumor processes are activated. Each specific regulatory, tissue restoration or stress
response pathway is mediated by interactions with unique molecular targets that are both
spatially and kinetically accessible. The lowest levels of NO lead to activation of sGC and
antioxidant reactions. At the intermediate level, activation of critical nonheme iron and thiol
targets elicit increased anti-apoptotic and pro-growth responses, as well as increased
immunosuppressive and angiogenic factors that lead to tissue restoration. At the highest NO
or stress alert level, p53 is induced and proteins such as MKP-1 antagonize pathways that
lead to NOS2 induction. This level of NO is anti-proliferative and induces cell cycle delay.
In addition, Nrf2 is activated, which induces many antioxidant mechanisms. Furthermore,
nuclear factor kappa-light-chain-enhancer of activated B-cells (NFxB) is down regulated,
which may be important in leukocyte regulation. Prolonged NO can induce apoptosis, and
the highest levels of NO lead to a build up of RNS and damaged proteins, resulting in
chemical stress. The chemical interactions involved in nitrosative stress signaling are
described in more detail in Sections IV and V, following a more detailed discussion of
regulation of NO levels.

[1l. Control of NO Levels

As described in the previous section, NO-dependent signaling is highly sensitive to the level
of NO, primarily as a function of kinetic constraints. Signaling will therefore depend on
regulation of NO fluxes by modulation of production and consumption rates. Both physical
and chemical processes are involved in shaping the NO profile, defined by concentration,
duration and spatial orientation. Biosynthesis of NO by NOS is controlled by transcription,
translation, post-transcriptional modification and substrate/cofactor availability. NOS-
independent pathways to NO production also exist, for instance by chemical reduction of
dietary nitrite. Such reactions are also regulated, particularly by oxygen tension. This section
describes NOS regulation, while other mechanisms of NO formation are presented in
Section V.

Selective reactivity is an inherent characteristic of signaling molecules. In the case of NO,
especially at low concentrations, there are few reactions that have the pseudo-first order
kinetics, which depends on the rate constant and concentration of the target, to compete with
simple diffusion away from the site of production. This low reactivity is particularly
remarkable given the free radical nature of NO. That NO freely diffuses across cell
membranes enables signaling in targets relatively distant from the point of origin, even
within neighboring cells. The distance and rate of NO diffusion has been modeled
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extensively since an early report by Lancaster [76]. It has been long known that diffusion of
NO to the lumen of blood vessels leads to rapid reaction with oxyhemoglobin. The resulting
conversion of NO to nitrate (NO3™) is a major consumption pathway, limiting the
intravascular lifetime of NO to approximately 2 ms [77]. Furthermore, consumption of NO
by red blood cells leads to effectively unidirectional diffusion away from blood vessels,
thereby localizing signaling to a specific region.

Although, hemoglobin is an effective scavenger of NO there is mounting evidence that
hemoglobin as well as erythrocytes are involved in controlling the generation as well as the
bioavailability of NO. Over a decade ago, nitrite was shown to be reduced to NO in the
human vasculature with vasodilatory effects [78]. The presumption that deoxyhemoglobin
was the primary erythrocytic nitrite reductase under physiological conditions was recently
confirmed [79]. Interestingly, there are now reports characterizing an active and functional
endothelial-like nitric oxide synthase within erythrocytes [80]. This enzyme is located in the
plasma membrane and the cytoplasm of red blood cells and controls NO-mediated pathways
including activation of platelets. Hemoglobin has also been shown to control NO
bioavailability at the myoendothelial junction. An elegant study has demonstrated that the
magnitude of NO signaling is a function of the redox state of a specific hemoglobin, Hba,
which is expressed in human arterial endothelial cells [81]. Such findings have important
implications about the influence of NO-mediated signaling by non-erythrocytic hemoglobin.

Lancaster et al. have also demonstrated that non-erythroid cells consume NO in an oxygen-
dependent fashion [82]. The biological lifetime of NO with respect to cellular consumption
pathways depends on a variety of factors, including NO and O, concentrations and
metabolic rate. Although the dominant mechanism(s) by which cells metabolize NO is not
known, modeling approximations indicate that the half-life of NO in tissue is between
0.01-2s.

Another consumptive mechanism for NO is through reaction with ROS, which encompasses
a large variety of species including O,~ metal-oxo complexes and lipid radicals (NO does
not directly react with H,O5) [25]. Due to the dismutation rate, O,~ does not diffuse far from
the source, for instance NOX. Similarly, metal complexes tend to be localized, for example
in red blood cells or mitochondria. This localization provides spatial, temporal and
concentration control that cooperatively leads to site-directed signaling processes. See
Section 1V for further discussion of the chemical reactions involved.

Regulation of NOS

The constitutive NOS isoforms are generally described as producing low levels of NO in
short bursts in a calcium-dependent manner and therefore to be primarily associated with
intercellular signaling through cGMP. However, regulation of NOS3 and NOS1 extends well
beyond binding of calcium to calmodulin (for example, [83]). These two isoforms are also
regulated through phosphorylation, myristoylation and palmitoylation, all of which impact
location and calcium-dependence [84]. Phosphorylation of NOS3, for example, leads to
calcium-independent production of NO. Although this prolongs NO production, the turnover
rate is considerably slower than that of NOS2 such that NO is produced by NOS3 at a lower
flux.
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Although post-translational modification may extend the temporal impact of NOS3 and
NOS1, these isoforms are unlikely to produce high enough NO fluxes to elicit nitrosative
stress levels. Even though cytotoxic levels of NO are most likely not produced at the tissue
level, spatial control may nonetheless lead to higher NO fluxes in specific locations.
Therefore, nitrosation in the vicinity of NOS3 and NOS1 cannot be completely discounted
but would be expected to be localized and a function of translocation. Nonetheless, it is
important to consider that these isoforms may contribute to inflammation, especially in
regulation of immune cells, platelet function and in epithelial and endothelial barrier
function.

NOS2 is one of most regulated proteins at the translational and transcription level as well as
through proteasome degradation and substrate availability [85]. Control of NOS2
transcription and translation has been the subject of extensive analysis, and a number of
mechanisms are known to regulate NOS2 expression and activity. In murine leukocytes,
activation and enhanced NO production is classically derived by cytokine and/or LPS
exposure (e.g., IFNy and TNFa/IL1B/LPS) [86]. LPS-mediated Toll-like receptor (TLR) 4
activation leads to approximately 10-fold higher NO levels than produced by cytokines [17].
Thus, different stimuli impact local NO concentrations, which influence signaling and stress.

Changes in metabolism provide another regulatory factor in redox signaling, as oxygen and
cellular fuel levels are redox sensitive. Indeed, production of redox signaling molecules is
tied directly to local oxygen and nutrient levels, which provide a tissue status readout. These
molecules can act as sensors to steer signaling cascades during inflammation, for example
from a T helper (Th) 1 to a Th2 cytokine response [3, 87].

Substrate and cofactor bioavailability are also important factors in the regulation of NO
output and downstream signaling. Both NOS and arginase use arginine as a substrate and
can be co-induced in macrophages by LPS [88]. Arginase can function as a substrate
competitor in activated cells, and thus may serve a regulatory role in NO biosynthesis
[88-90].

NOS cofactors such as tetrahydrobiopterin and NADPH are also influenced by the metabolic
state of the cell. Reduction of tetrahydrobiopterin requires a reductase similar to folate
reductase while NADPH is in part dependent on glucose-6-phosphate dehydrogenase
(G6PD) and the hexose monophosphate shunt from glycolysis [91]. Thus, cofactor
regulation by NOS2 can modulate the general metabolic state of the cell. In addition, limited
cofactor levels can lead to production of species other than NO (e.g., O,~ or HNO) [92-94].

The oxygen-dependence of NOS activity is another important factor. Interestingly, the three
major NOS isoforms have widely varying Ky, values for oxygen, indicating a hierarchy of
functionality under conditions of limiting oxygen availability. Purified NOS2 has a Ky ~
150 uM, but its activity is highly variable and depends on a number of factors including
scavenging of NO, the environment of the enzyme (e.g., in cell lysate), the presence of
nitrite and oxygen tension [95, 96]. NOS1 has a Ky, > 400 uM, suggesting it may also have
oxygen sensing capabilities [97]. NOS3 has a low Ky, for oxygen, indicating that it retains
activity even under low oxygen, which may be necessary to maintain blood flow [98].
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These results suggest that the relationship between NO and O, is a critical determinant of
NO flux. Activated, NO-producing murine macrophages generate equivalent steady-state
fluxes of NO under either 21 or 1% O, [99]. However, maximal NO flux generated from
NOS2 as well as downstream signaling effects have been reported to occur at 5-8% O,. This
observation highlights the importance of both NO consumptive pathways and NO
biosynthesis in determining the overall concentration of NO. At lower oxygen
concentrations the Ky (O) for NO consumption in a cell is nearly identical to the Ky, (O2)
for NO production by NOS2. Therefore, the steady-state concentration of NO is a function
of the relative contributions of numerous oxygen-dependent processes that contribute to its
synthesis as well as degradation.

In addition to control of physical flux of NO from NOS, there are negative feedback
mechanisms for control of NO-dependent signaling. For example, thrombospondin-1
(TSP-1) can attenuate cGMP-dependent signaling that occurs at the lowest level of NO
[100]. The physiological relevance of this NO/TSP-1 crosstalk relationship has been
demonstrated in models of ischemia reperfusion as well as radiation injury, where
suppression of TSP-1 or its receptor CD47 abates injury associated with these conditions
[20, 101-106]. TSP-1 also affects the immune system where regulation of macrophage
behavior inhibits NO/cGMP-dependent downregulation of TIMP1 [66]. In addition to direct
inhibition of NOS3 signaling, TSP-1 indirectly modulates NO levels by production of ROS
[107-110].

NOS?2 activation of p53 leads to down regulation of NOS2 [111, 112]. Direct binding of
NOS2 to p53 provides an additional inhibitory mechanism [111] as well as increased
MKP-1, which abates ERK signaling of cell growth [100, 113] (see section II). In addition,
regulation of nitrosative signaling may be provided by systems like thioredoxin (TRX) that
can reverse S-nitrosation [114, 115]. By influencing the lifetime and rate of accumulation of
RNS-mediated modifications, such proteins may thereby modulate the amplitude of cellular
signaling.

Spatial orientation also influences NO flux, which can be tuned to impact cells differently,
thus setting in motion specific phenotypic responses. An example is a fully activated murine
macrophage that induces a Thl type cytokine profile during the eradication of pathogens.
Under these conditions, NO levels are high in the immediate vicinity of the macrophage;
however several cell lengths away, diffusion has diluted NO such that neighboring
unaffected regions experience levels that induce an anti-apoptotic response to protect normal
tissue from the potential deleterious effects of the anti-pathogen response. As NO levels
recede and other pro-growth mechanisms take effect, angiogenic factors induce
immunosuppressive signaling mechanisms during wound healing and tissue restoration.
Thus, NOS2 regulation is an important mediator of signaling mechanisms that initiate
immunosuppression. In this context, NO flux profiles and tuning play critical roles in
determining the course of disease or injury.
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IV. Sources of RNS Signaling Agents

At the intermediate level of NO that promotes cell proliferation (mid-nanomolar), kinetics
determines key targets in thiol signaling as well as metal binding. While nitrosylation of
nonheme iron complexes occurs directly, nitrosation, nitration and oxidation can be initiated
by several different mechanisms. These include NO autoxidation, protonation of nitrite,
reaction of NO with O,~ and metal mediated processes (Figure 3), all of which play critical
roles in different compartments in cells and tissue [2]. Furthermore, these processes all lead
to alterations in the redox landscape.

Autoxidation

Autoxidation is a fundamental reaction type that occurs upon exposure of a chemical to air.
Autoxidation of NO has been studied extensively for decades, but questions still remain
about the mechanism. In water, it is clear that the reaction produces nitrite (Eq. 1) [116,
117].

ANO+0942H50 — ANOy~ +4HT (1)

It is also well understood that the RNS intermediates of this reaction can induce oxidative,
nitrosative and nitrative modifications, all of which modulate cell signaling.

In open vessel experiments in which exogenous NO is added to an aerated, aqueous solution,
autoxidation of NO is the primary determinant of NO flux. It is therefore important to
understand the fundamental kinetic factors that affect the lifetime of NO under such
conditions. Compared to the very common situation of bimolecular reactivity (e.g., A + B),
especially in biological systems, autoxidation of NO is somewhat unusual because it is third
order overall (Eq. 2) [116, 117].

rate:kobs[]\fO]2 [02] @

Due to the second order dependence on NO concentration, the half-life of NO is inversely
dependent on the initial concentration of NO. In other words, for every 10-fold increase in
NO concentration, the half-life decreases by an order of magnitude. High concentrations of
NO will thus be quickly consumed, while low concentrations can persist for minutes or even
hours [116, 118]. In such experiments, it is also important to factor in the diffusion of NO
from the liquid surface. Loss of NO from diffusion may be significant from high surface
area to volume containers such as Petri dishes.

The situation is considerably more complicated when considering the lifetime of NO toward
autoxidation within biological systems. First, O, may no longer be an excess reagent, as is
the case in open vessels, and the O, concentration will vary depending on location. Thus, the
biological outcome of NO autoxidation will depend on the redox landscape, in terms of the
relative concentrations on NO and O». Given the wide range of NO fluxes necessary to elicit
biological responses, the concentration-dependence of consumption by autoxidation
provides exquisite control of the location and timing of NO signaling. For example, the
lowest levels of NO, produced for example by endothelial cells (NOS3), will persist long

Free Radic Biol Med. Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas et al.

Protonation

Page 15

enough with respect to autoxidation to diffuse multiple cell lengths. In contrast, higher levels
of NO will be more susceptible to autoxidation.

Small, neutral gases tend to be more soluble in organic solvents than in water. This translates
to a higher solubility within cellular membranes than in the cytoplasm. The rate constant in
Eq. 2 is relatively unaffected by solvent identity, pH or small temperature changes [116].
Thus, it is fairly straightforward to extrapolate higher concentrations of NO and O, to higher
rates of autoxidation. Lancaster and colleagues have suggested that NO autoxidation is 30-
fold faster in membranes and thus that this compartment accounts for 90% of the total
reaction [119]. They have also modeled the gradients of NO and O, as a function of distance
from blood vessels and the impact of these gradients on NO lifetime.

In addition to the solubility-dependence of NO autoxidation providing a lens-like focus to
the membrane [120], the influence of RNS formed from NO autoxidation is likely to be
further spatially localized by the existence of scavengers such as glutathione (GSH) in high
concentration in the cytoplasm but not the cell membrane. As such, translocation of proteins
to the membrane may facilitate RNS-driven regulation [121].

To better understand the potential role of NO autoxidation in signaling, a mathematical
evaluation with temporal perspective in inflammation is useful. Activation of a growth factor
receptor requires 20-50 ng/mL or picomolar levels of the ligand. Modification, such as &
nitrosation, of a single residue can also activate a receptor. If the NO flux in the region of the
receptor is 500 nM, then the half-life of NO with respect to autoxidation at ambient O,-
pressure is on the order of 500 s [116]. Assuming consumption of 250 nM NO per 500 s, 1.8
UM RNS would be produced in an hour. This is obviously a rough approximation, assuming
both a constant NO flux and ambient O levels. The membrane effect is also not included,
nor is conversion of the RNS intermediates to nitrite according to Eq. 1. Furthermore, RNS
production rather than accumulation is estimated. Rapid reaction with targets would instead
lead to accumulation of molecular modifications, which in turn stimulate signaling.
Nonetheless, this approximation suggests that over the span of hours, NO autoxidation as
derived from chronic upregulation of NOS2 can form sufficient RNS to induce long term
signaling processes, since the estimated value is at least several orders of magnitude higher
than required for activation of EGFR and other receptors.

of nitrite

Autoxidation of NO produces nitrite as an end product (Eq. 1). Nitrite is also ingested in the
diet and is generated by bacterial nitrate reductases, for example in oral flora. Not long ago,
nitrite was considered to be a relatively stable species indicative of biological NO synthesis
and was thought to be primarily excreted either directly or after oxidation to nitrate by
oxyheme proteins such as hemoglobin. It is now clear, however, that nitrite serves as both a
NOS-dependent and exogenous source of NO and RNS [122-124]. For example, under
hypoxic conditions, deoxyheme systems can reduce nitrite to NO to elicit vasodilation [122].
In such circumstances, nitrite can be envisioned as a redox buffer and storage pool for
endogenous NO.
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In acidic environments such as the stomach, the chemistry of nitrite is more complex, and
can lead to RNS and NO production [125], independent of both NOS and oxygen.
Protonation of nitrite can induce an interchange between nitrous acid and N,O3 (Eqg. 3).
Dissociation of N,O3 (Eq. 4) completes the disproportionation reaction, although it is
reversible.

2HNO5 = N503+H->0 (3)
N>O3 = NO+NO» 4)

Since neutral, small molecules such as N,O3, NO and NO, can readily diffuse across
cellular membranes, within biological systems, an equilibrium condition as portrayed in Egs.
3 and 4 is unlikely to exist. Furthermore, each of these nitrogen oxides reacts with different
biological targets. Of the three, NO is the least reactive, and thus has the longest lifetime.
NO, is much less discriminate, interacting readily with a wide range of biomolecules
including the common antioxidants GSH, ascorbate and urate. Given that nitrite will
primarily be found in aqueous media where these antioxidants also exist in high
concentration, NO> is expected to be primarily scavenged by the antioxidant defense system.
Under such conditions, acidification of nitrite would then serve primarily as an NO-
production pathway.

Since N,Oj3 can also be scavenged, for example by ascorbate, the yield of NO from this
pathway will be dependent on location within the redox landscape. In fact, Tannenbaum and
coworkers suggested that ascorbate serves as an important protective mechanism against N-
nitrosation of amines to carcinogenic nitrosamines in the digestive system [126].
Nonetheless, conversion of nitrite to NO in the stomach has been reported to be important to
immune defense and mucosal integrity (see [127]). Dietary nitrite may in fact be an
important alternative source of NO and RNS [128]. Foods rich in nitrite/nitrate have also
been shown to protect against non-steroidal anti-inflammatory drug (NSAID) toxicity that
results in perforation of the mucosal lining [129, 130].

There are numerous acidic environments 7 vivo, but the pH varies widely from the high
acidity of the stomach to the only slightly acidic conditions that transiently arise in hypoxic
cells. Intermediate acidities exist in phagosomes and at the surface of macrophages (pH 4.5)
[131] as well as in areas of the small intestine (pH 5.7) [132]. The pKj value of 3.7 for
HNO> [133] suggests that relatively low pH conditions are required for Eq. 3 to progress
significantly. However, since non-equilibrium conditions can drive the reaction forward, a
kinetic comparison can be more informative.

The rate of the acidic nitrite reaction is dependent on both pH and nitrite concentration as
follows (Eq. 5) [134, 135]:

rate=k [NOQ_] 2 [H;{O_F} 2 (5)
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The second-order nature on each reactant dictates that at pH 7.4, the reaction rate will be a
million times slower than at pH 4.5. Thus, acidity will dictate the location of the reaction.

The concentration of nitrite in blood is 0.2-1 uM [136]. Feelisch and coworkers have
determined that nitrite and nitrate levels in the micromolar range exist in different tissues
[137-139]. Assuming a nitrite concentration of 1 pM, the half-life is on the order of years at
pH 7, but reduces to hours at pH 4.5. A tenfold increase in nitrite would increase the reaction
rate by 100 times. Thus, in localized areas of high nitrite levels, this reaction may have
increased significance.

Reaction with superoxide

Compared to NO autoxidation, the bimolecular reaction of NO with O, to form
peroxynitrite is straightforward (Eq. 6).

NO+03~ — ONOO™ (g)

This nearly diffusion-controlled reaction provides protection against oxidative damage by
O,~. However, in the process, NO levels are also reduced. It is well known that Oy~
production will decrease cGMP-dependent signaling, but it also can impact nitrosative
signaling by scavenging of NO.

Modulation of NO and O, levels is only one aspect of Eq. 6. The product, peroxynitrite, is
itself an RNS, and interaction with excess NO or O,™ can produce still other RNS [25]. The
complexities of these interactions have been described in detail previously [140-142]. The
discussion can be much simplified by solely considering the chemistry that occurs upon
reaction of peroxynitrite with CO,. In carbonate buffer, the lifetime of peroxynitrite is on the
order of 15 ms [143] (Eq. 7).

ONOO™+CO; — ONOOCO,™ (1)

The resulting adduct (nitrosoperoxycarbonate) can decompose through a caged radical pair
to NO, and the carbonate radical anion (Eg. 8).

ONOOCOy;™ — [N02|OC’O;;7} — NO2+CO3™  (8)

These radicals can also recombine to give nitrocarbonate (Oo,NOCO,"), which ultimately
reacts with H,O to give to nitrate and carbonate in less than 1 ms. The short lifetime
significantly limits the spatial influence of the chemistry of peroxynitrite. Furthermore, as
with nitrite, the anionic character of peroxynitrite and ONOOCO,™ is expected to limit their
chemistry to aqueous environments. Scavenging of NO, may also be significant as described
in the above section.

In regions where NO levels exceed those of O,~, NO, may instead react significantly with
NO to produce N,O3z (comproportionation direction of Eq. 4). Thus, the relative levels of
NO and O, may also modulate signaling mechanisms, with nitration yielding to nitrosation
as NO fluxes increase. That the reaction of NO, with NO will be in direct competition with
cellular thiols suggests an alternate route to nitrosated thiols involving oxidation by NO, to
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the thiyl radical (RSe) followed by radical combination with NO. Based on kinetic analysis,
Lancaster [59] has predicted that this latter pathway will predominate.

In summary, NO autoxidation, protonation of nitrite and association of NO and O, can all
produce both NO, and N,Og3, albeit by unique mechanisms. The dependence on NO of the
formation of N,O3 varies as does the order of production of NO, and N,O3. Furthermore,
while NO autoxidation is expected to primarily occur in hydrophobic environments, the
latter two processes will principally take place in aqueous media. Thus, although each
process is spatially limited, in sum, RNS formation is possible throughout cellular systems.

Metal-mediated processes

As ROS levels rise, reactive metal-oxo and -peroxo complexes can accumulate (Eq. 9;
Fenton-type chemistry) and lead to cellular damage.

Fe*T4Hy05 — Fe!V=0+H,0 (9)

Rapid reaction of NO with such hypervalent metal complexes can reduce the metal to a
normal oxidation state (Eqg. 10) [144-146].

FelV=04+NO — Fe3T+NOs~ (10)

The impacts of such reactions will parallel those described above for reaction of NO with
O, Furthermore, such metal-based reactions can lead to oxidation of NO directly to nitrite
without the intermediacy of RNS such as NO, and N»Os.

Under highly oxidative conditions, nitrite can be further oxidized to NO,, which can
contribute to chemical sterilization of tissue [147]. Nitrite can also be formally oxidized to
NO, by ferric systems in the presence of NO [148]. The mechanism is currently a matter of
debate, for instance whether NO or nitrite is initially bound to the metal, as is the driving
force (e.g., a second NO binding to Fe2* to form a stable nitrosyl complex), but ultimately,
this interaction may serve as a source of N,O3 (Eq. 11)

FeT+NOy +NO — Fe?t+N,03 (11)
Hypervalent species (e.g., Eq. 9) can also oxidize nitrite to NO, [149].

Interestingly, nitrogen oxides such as hydroxylamine (NH,OH) can be oxidized by
hypervalent metal complexes to produce RNS with lower oxidation states than NO including
nitroxyl (HNO) (Eg. 12) [150].

FeV=0+NH-,OH — FT+HNO (12)

The NO/NO,™ couple

This section highlights not only the diverse reactions of NO that are important to signaling,
but also the interrelated nature of NO and nitrite. There are certain parallels to be drawn to
the thiol/disulfide system, which has critical roles in protein structure, signaling and redox
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homeostasis. Although the NO/NO,™ couple is not directly involved in structural
modifications, as is the case for thiol/disulfide couples, the RNS that are formed from these
nitrogen oxides certainly influence structure through post-translational modifications. That
cysteine residues are often the targets of these modifications demonstrates the depth of the
interconnected nature of redox mediators. The NO/NO,™ couple is more directly involved in
oxygen-dependent signaling. For example, when NO is produced under normoxic conditions
in endothelial cells, it partitions between the signaling pathway involving binding to sGC
and consumptive pathways in which NO is converted in an oxygen-dependent manner to
nitrite or nitrate (e.g., by reaction with oxyhemoglobin, autoxidation or by other as yet
poorly defined cellular processes). Under hypoxic conditions, nitrite can in turn be reduced
by hemoglobin back to NO. In this manner, NO-mediated vasodilation can occur over a wide
range of O, concentrations.

From the perspective that NO is the initial signaling agent that can function directly or
through the intermediacy of RNS, it is clear that nitrite could be labeled as an RNS. It is
interesting to reverse the bias and consider instead nitrite signaling. In such a scenario,
ROS/NO reactivity would serve as routes to focused formation of nitrite deposits. Nitrite
signaling would then lead to various effects under hypoxic, acidic and oxidative conditions.
Under hypoxia, nitrite would be directly converted to NO, while acidification would produce
NO and NO, through the intermediacy of N,O3. Under oxidative conditions, NO, would be
the initial species, and association with NO could then produce N,Os.

The antimicrobial response provides a strong case for a nitrite-centric viewpoint. NOX2 and
NOS2 are translocated to phagosomes in neutrophils through Ras-related C3 botulinum
toxin substrate 2 (Rac2) [151-153]. Reaction of O,~ with NO may then rapidly and site-
specifically form a nitrite pool through the reactions outlined above. In this iron-rich,
oxidative environment, nitrite may also be formed from reaction of NO with hypervalent
metal complexes. Nitrite may then be oxidized to the antimicrobial agent NO, directly or
through protonation, in the acidic environment of the phagosome. Together, the interplay
between NO, nitrite and RNS such as NO, creates a destructive cauldron to combat
pathogens or digest proteins.

Interestingly, some pathogens have developed adaptive/evasive mechanisms that target
proton pumps, suggesting the importance of acidic nitrite in pathogen defense [3]
Tuberculosis is a long-term pathogen that can live in macrophages, where acidic nitrite can
induce cytotoxicity [154, 155]. However, diffusion of NO from the macrophage may induce
additional signaling mechanisms that coordinate supporting responses by the immune
system. In fact, the facile diffusion of NO, as well as its highly regulated biosynthesis by
NOS, argues for retaining NO as the central signaling agent relative to other nitrogen oxides.

V. RNS-derived Modifications

As a class, RNS are capable of nitrosative, nitrative and oxidative chemistry. The
interactions of RNS with antioxidants often fall in the oxidative category. However, this
aspect of RNS chemistry has received the least attention. In similarity to NO and related
RNS, consideration of sulfur-containing compounds within the redox signaling landscape
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may reasonably be focused on thiols and their conversion into other related species, both
reactive and not, and primarily more oxidized than the parent thiol. The biological
significance of the thiol/disulfide redox couple cannot be overstated. However, a variety of
oxidized sulfur species, such as sulfenic, sulfinic and sulfonic acids, have been detected
following exposure to thiols to RNS. The mechanisms of formation and the impacts of such
modifications are not well resolved. Sulfenic acid may in part be produced through oxygen
insertion during the reaction of NO with O,™ [156].

Conversely, the mechanisms and effects of nitration, particularly of tyrosine and lipids, have
been analyzed extensively. In both cases, oxidative chemistry may actually be a first step in
nitration [2, 157]. For example, lipid oxidation or peroxidation by NO, can allow subsequent
addition of NO» to form the nitrolipid. These modified lipids have known physiological
properties. For instance, Freeman and coworkers have published a series of papers
suggesting that nitrolipids have anti-inflammatory capacity [158]. At present, nitration is
considered to be a permanent modification, which can impact versatility in signaling.
However, the search for denitrases is an active research area (e.g., [159, 160]).

Although NO>, can be produced by multiple pathways (see [149, 157] and section 1V), the
reaction of NO with O, is often assumed to be the primary source of NO, and thus of
nitrative modifications. Exposure of tyrosine to a bolus dose of synthetic peroxynitrite leads
to significant nitration [161, 162]. That approximately equal fluxes of NO with O,~ produce
considerably lower yields of 3-nitrotyrosine [149] highlight the common finding of
condition-dependent outcomes, especially with exogenous donor systems.

Formation of 3-nitrotyrosine can inhibit protein function, for example by preventing tyrosine
phosphorylation. In addition, 3-nitrotyrosine has also been proposed as a hapten, stimulating
an immune response. Improvements in detection have led to demonstration that protein
nitration is site specific but occurs at low levels. Observation of internal nitrosation
preferentially over more exposed tyrosine residues [163] supports the discussion in section
IV that NO,-mediated signaling may primarily occur in regions of low water content,
including hydrophobic pockets.

Measurement of enhanced protein nitration in diseased tissue has led to significant interest
in the role of this post-translational modification in disease onset and progression,
particularly involving neurodegeneration such as occurs during Alzheimer's disease and
Parkinson's disease (see [157, 164]). Although correlative, demonstrations of causation are
limited. Recently, nitration of a single tyrosine residue on 90-kDa heat-shock protein
(Hsp90) by exogenous peroxynitrite was shown to induce motor neuron death [165].
Additional demonstrations of the impacts of site-specific nitration are expected.

Nitrosation and S-nitrosothiols

Within the RNS signaling arena, nitrosation, which can be reversed by several pathways, has
received significant attention. Nitrosation indicates a chemical reaction in which NO™ is
added to a nucleophile. Given the very short lifetime of free NO* in biological systems,
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nitrosation occurs through a transfer reaction, particularly to a thiol or amine (Eqgs. 13 and
14).

XNO+RSH — RSNO+HT+X~  (13)

XNO+RR' NH — RR'N(NO) +Ht+X~ (14

Here, we emphasize the S-nitrosation of thiols, or in all likelihood the more nucleophilic
anions, by N,O3 (Eqg. 15).

N303+RS™ — RSNO+NO,~  (15)

In this reaction, N,Og serves as an NO™ transfer agent rather than an NO™ donor. In other
words, the reaction is concerted with NO* directly moving from N,O3 to the thiolate, rather
than stepwise following heterolytic dissociation of N,O3 to NO* and NO,™. This latter
reaction is not favorable compared to homolytic dissociation of N,O3 (Eq. 4). The impact of
Eqg. 15 is often discussed with respect to the S-nitrosothiol product, but it is important to
note that direct transfer of NO* from N,O3 to a nucleophile serves as yet another route for
interconversion of nitrogen oxides (compare to Eq. 3).

Nitrosation is often referred to as nitrosylation to draw analogy to other well-known
signaling processes such as phosphorylation or methylation. However, from a chemical
perspective the term nitrosylation refers to addition of NO, for example to a metal center.
Although NO can associate directly with both amines and thiols, such reactions require non-
physiological conditions such as high pressures of NO. It is chemically incorrect to use the
terms nitrosylation and nitrosation synonymously (for further details, see [166]). In fact
these distinct, although related, chemical modifications lead to unique signaling processes as
illustrated throughout this review.

N-Nitrosation of amines (Eq. 14) has been implicated in formation of potentially
carcinogenic A-nitrosamines [126, 167], for example when meats are preserved by addition
of nitrite or nitrate salts [168]. A~Nitrosation can also be mutagenic [169], which may play a
role in inflammation-associated carcinogenesis. Although Afnitrosamines have been
observed /in vivo, especially during chronic inflammation, knowledge of their signaling
capacity is rather limited. See [21] for a more detailed discussion of A-nitrosation.

In contrast, S-nitrosation (Eq. 13) has been implicated as a major player in signal
transduction [170-173]. Nitrosative signaling involves eliciting a specific response by
targeting specific thiols that have been evolutionarily engineered to be Kinetically accessible
under specific biological conditions. Important determinants for kinetic control are
hydrophaobicity of the thiol environment and low thiol pK; to enhance nucleophilicity. As is
the case with binding of NO to sGC, the small modification of a thiol to an S-nitrosothiol
can translate to large structural changes. In membrane receptors, for example, such structural
alterations may impact docking or recruitment of proteins.
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In biological systems, there are three primary sources of NO*: N,O3, S-nitrosothiols and
iron nitrosyls with Fe!'NO* character [25]. As illustrated in Section 1V, accumulation of
N,O3 requires relatively high levels of NO, and at least three different mechanisms lead to
its formation in a site-specific manner. Such site-specificity is especially important with
respect to signaling given the high cytoplasmic levels of GSH.

In analogy to the reaction of NO and O~ (Eq. 6), association of N»,Oz with thiols (Eg. 13)
can modulate the effects of both reactants and can produce a species with its own signaling
capacity. S-Nitrosothiols are stable in aqueous media under biological conditions, and both
low and high molecular weight S-nitrosothiols have been detected in biological samples. S
Nitrosothiols can participate in a variety of reactions, both enzymatic and non-enzymatic [2].
Perhaps the central reaction in terms of signaling is the ability to serve as a nitrosating agent
through transnitrosation (Eq. 16) [174].

RSNO4R'SH = RSH+R'SNO (16)

The term transnitrosation is generally reserved for the specific transfer of NO* from an &
nitrosothiol to a thiol (e.g., XNO in Eq. 13 is an S-nitrosothiol). This process represents a
pathway by which a mobile species such as S-nitrosoglutathione (GSNO) mediates signaling
through protein thiol nitrosation [175, 176].

S-Nitrosothiols may be formed by routes other than reaction with an NO* transfer agent
(summarized [175]) (Figure 4). Perhaps the most viable of the alternative pathways is
oxidative nitrosylation in which a thiol is first oxidized, for example by an ROS or NO,, to a
thiyl radical, which then associates directly with NO. However, the thiyl intermediate has a
complex reaction pattern due to its free radical nature. For example, thiyl radicals can
associate with other thiolates to form RSSR'~ radical anions. These species are very good
reductants and can in turn be further oxidized by oxidants such as O, (e.g., producing Oy~
and RSSR") [173].

Since S-nitrosothiols can be homolytically cleaved by light or traces metals, particularly Cu*
(Eq. 17), they are often used as NO donors.

2RSNO — RSSR+2NO (17)

This reaction presents the possibility that S-nitrosothiols may serve as a storage pool for NO,
in analogy to nitrite. In fact, nitrite is also a product of the reaction of thiols with N,O3 (Eq.
13). It is important to draw attention to the potential for competition between homolysis to
produce NO and other processes such as NO* transfer. As such, S-nitrosothiols cannot be
unequivocally labeled as NO donors, and care should be given to interpretation of biological
results obtained with S-nitrosothiols [177].

Interestingly, in addition to transnitrosation, the reaction of S-nitrosothiols with other thiols
can follow an alternative pathway (Eqg. 18) [178, 179].

RSNO+4+R'SH = RSSR +HNO (18)
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As with homolytic cleavage of S-nitrosothiols, this reaction provides an RSNO-dependent
mechanism to alter the thiol:disulfide ratio. These processes are in addition to the oxidative
mechanisms involving thiyl radicals (Figure 4) and together, contribute to regulation of the
redox landscape. Furthermore, this reaction highlights the potential to endogenously form
RNS more reduced than NO (Figure 5).

HNO and nitroxylation

Detailed discussion of low oxidation state RNS has been the subject of numerous reviews
and is beyond the scope of this article. However, it is clear that the importance of the
NO/HNO redox couple is just beginning to unfold. Although direct interconversion is
suggested to be limited [180], NOS itself has been suggested to produce HNO under
hypoxic or low cofactor conditions or by oxidative degradation of the intermediate N®-
hydroxy-L-arginine [92, 93, 181-187]. The possibility of biosynthesis of HNO by NOS
offers intriguing oxygen-dependent response pathways, in analogy to those previously
described for the NO/nitrite couple. For instance Colton and colleagues have demonstrated
that HNO and NO uniquely impact glycine-independent desensitization of the NMDA
receptor [188, 189]. While both NO and HNO potentiate glutamate-mediated channel
activation, hypoxia augments the NO-mediated response, resulting in enhanced neuronal
toxicity. In contrast, hypoxia attenuates the effect of HNO on calcium influx, potentially
offering a degree of protection toward ischemia/reperfusion injury in the brain.

HNO has its own unique signaling mechanisms that are distinct from NO and other RNS
[180, 190]. A principal modification mediated by HNO is the conversion of a thiol to the
corresponding sulfinamide [178] (Eqg. 19; Figure 5).

RSH+HNO — RS(O)NHy (19)

Since the reaction between HNO and GSH is facile (2 x 108 M1 571, pH 7.4, 37 °C) [190]
in comparison to other biomolecules, and the concentration of GSH in cells (0.5-10 mM)
[191] is higher than many other cellular components, glutathione sulfinamide (GS(O)NH,)
has been proposed to be a selective, endogenous intracellular biomarker for HNO [178,
192].

Sulfinamides may be hydrolyzed to the respective sulfinic acid (RSO,H) or react further
with excess thiols to form thiosulfinates (RS(O)SR) [178]. Nonetheless, synthetic
GS(O)NHs> has been detected with a reasonable recovery percentage in cell lysate and has
been observed after exposure of cells to an HNO donor [193].

As the ratio of thiol to HNO increases, a second reaction pathway, in which the disulfide and
hydroxylamine are formed (Eqg. 20) [178], becomes progressively competitive such that a
mixture of RS(O)NH, and RSSR is produced. The sulfinamide is indicated to be the major
product however [193, 194].

2RSH+HNO — RSSR+NH,0H  (20)

Interestingly NH,OH can be reoxidized to HNO forming a shunt system for HNO that is
initiated by RSNOs [150].
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Within the context of the redox landscape, it is currently unclear what factors control the
outcome of the interactions of S-nitrosothiols with thiols (e.g., Egs. 17 and 18). However,
this reaction may provide a nitrosative/nitroxylative switch. In the vascular system, this
could be a unique mechanism of vasodilation. S-Nitrosothiol activation has been well known
since Ignarro and coworkers described metabolism of nitroglycerin [195]. Kemp-Harper et
al. have suggested that HNO is a mediator of dilation through activation of K¢, and K,
channels in vascular smooth muscle [196, 197]. As such HNO may be an endothelial-
derived hyperpolarizing factor (EDHF) biosynthesized by NOS3. Taken together, both NO
and HNO are suggested to play important roles in maintenance of blood flow.

The potential for oxygen-sensitive signaling by NOS may also indicate the existence of a
nitrosative/nitroxylative switch as a function of thiol modification. For example, under
normoxic conditions, conversion of NO to NoO3 will produce S-nitrosothiols. Hypoxia
could instead lead to HNO production and HNO-mediated signaling. Both modifications, S
nitrosothiol via nitrosation chemistry and sulfinamide via HNO chemistry, involve
electrophilic reactions, rather than the intermediacy of radicals. This may provide higher
specificity for signaling compared to for example NO,, which can lead to both oxidative and
nitrative modifications.

Several proteomic studies have been performed to examine the modifications derived by
exposure of thiol-containing proteins to NO or HNO [198-202]. In addition to S-nitrosothiol
and sulfinamide products, disulfides and other oxidized species have been observed,
demonstrating the diversity of species that may be important in protein activation or
regulation. In addition, protein S-nitrosothiols, for example on alkyltransferases and H-Ras
[203], can be converted to a sulfinamide by GSNO reductase/alcohol dehydrogenase V
[204]. 1t is not at present clear whether this reaction is concerted or involves formation of
free HNO. Nonetheless, GSNO reductase represents a pathway to covert an NO signature
into a marker of HNO. As mentioned above, sulfinamides are susceptible to hydrolysis to
the corresponding sulfinic acid [178, 205]. In specific proteins, such oxidized products can
be reduced by sulfiredoxin (SRX) [206] revealing the potential of enzymatic cycling.

NO and mitochondria

Over the past several decades, NO has been shown to have various effects on mitochondrial
function and metabolism by interacting at specific sites in the respiratory chain. Although
peroxynitrite has been shown to inhibit complex 111 [207], NO only affects Complexes | and
IV. This is perhaps due to the relatively high levels of MnSOD, which scavenge O,~ prior to
reaction with NO.

At Complex IV, cytochrome ¢ oxidase, subnanomolar amounts of NO can competitively
inhibit respiration. NO interacts with either the ferrous heme iron or oxidized copper, but not
both simultaneously at the heme iron:copper binuclear center of cytochrome ¢ oxidase (a(3)/
Cu(B)) [208]. The K;, however, is dependent on the respiration rate. For example in cardiac
muscle, which has a high respiration rate, the K; is 10-fold lower than epithelial or
endothelial cells [209].
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Higher NO levels have been shown to persistently inhibit Complex | [210, 211] in
macrophages, via oxidation or S-nitrosation of specific thiols. Murphy and coworkers used a
mitochondria-selective S-nitrosating agent to demonstrate that nitrosation of Complex |
serves a protective role during ischemia/reperfusion by reducing oxidative damage and
tissue necrosis [212, 213]. In porcine endothelial cells, higher NO levels have also been
shown to lead to inhibition of Complex 1V via S-nitrosation of two cysteine residues [214].

A comparative study in endothelial cells found different mechanisms of action by CysNO
(an NO* transfer agent) and DETA/NO (an NO donor) [215]. DETA/NO (0.5 mM) reduced
mitochondrial reserve capacity and increased glycolysis but did not impact basal respiration.
These effects were reversible, likely due to coordination of NO at the Complex IV heme
rather than perturbation of the glycolytic protein GAPDH. In contrast, treatment with
CysNO led to inhibition of basal respiration, ATP-dependent oxygen consumption rate and
reserve capacity. These results indicate that the actions and targets of NO can be
significantly different from those of transnitrosation agents. In fact, profound differences in
the types and amounts of NO-derived cellular adducts have recently been shown in
experiments conducted with a nitrosating agent (CysNO) vs. an authentic NO donors
(DETA/NO) [177].

In addition to the direct effects of NO on mitochondrial inhibition, there is a subsequent shift
from oxidative to glycolytic metabolism, which can influence other systems by perturbing
the balance of metabolic cofactors. For example NO-mediated mitochondrial inhibition in
dendritic cells leads to a switch from oxidative to glycolic metabolism similar to the
Warburg effect that is observed in hypoxic cancer cells [216]. Other studies indicate that
stabilization of HIF-1a by NO leads to an increase in glycolytic pathways [217] as well as
activation of AMPK [218]. These metabolic shifts can have significant downstream effects,
specifically on epigenetic regulatory mechanisms [219]. For example, many of the enzymes
necessary to modify histones or to methylate/demethylate DNA require metabolites as
substrates or cofactors. Thus, their enzymatic activities can be influenced by the metabolic
state of the cell.

Histone acetyltransferases require acetyl-CoA as the source of acetyl equivalents to acetylate
histones. The K, values of most acetyltransferases are within the range that can be effected
by changes in the intracellular acetyl-CoA pool, suggesting that NO could indirectly affect
histone acetylation by altering acetyl-CoA levels [220]. During glycolysis, there is a shift
from NAD* to NADH. A change in the NAD*/NADH ratio could be important in the case of
sirtuins, which are deacetylases. Since their enzymatic activity depends on NAD™, reduced
sirtuin activity, by alterations in the NAD*/NADH ratio, could also shift the degree of
histone acetylation, which directly influences chromatin structure and gene transcription
[221].

Methylation and demethylation of histones and DNA is also accomplished by enzymes that
utilize a variety of cofactors. LSD histone demethylases require FAD while KDM
demethylases require a-ketoglutarate (a-KG) [222]. Thus, depletion of these cofactors via
alterations in cellular metabolism could have significant effects on their activities and the
overall histone methylation status. This could affect cell phenotype as histone methylation
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can either positively or negatively impact gene expression depending on the degree of
methylation as well as the location.

TET enzymes oxidatively demethylate cytosine DNA bases. The activities of these a-KG-
dependent enzymes also hinge on cofactor availability. DNA methylation, especially at
promoter regions, is associated with gene silencing and therefore demethylation of cytosines
by TET enzymes can result in gene activation. Therefore, fluctuations in a-KG could have
an influence on gene expression via regulation of TET activity. Another important
implication of NO-mediated mitochondrial inhibition is associated with changes in oxygen
concentration. As inhibition of respiration prevents oxygen consumption, this may lead to
significant alterations in the local oxygen concentration. Many of the epigenetic regulatory
enzymes mentioned above are oxygen-dependent dioxygenases, and their activities will be
affected by oxygen changes depending on their relative Ky, values for oxygen. These
examples highlight the numerous mechanisms whereby NO can influence gene expression
and cell phenotype through direct mitochondrial interactions as well as indirectly by
dynamic changes in metabolic intermediates and cofactors.

H,S/persulfide interactions with NO

The last few years have led to an emergence in interest in endogenous H,S formation and its
role in physiology and pathophysiology. The observation of biosynthesis of H,S from CBS
and cystathionine gamma-lyase (CSE) as well as mercaptopyruvate sulfur transferase (MST)
has led to a new field of study [223, 224]. The CBS/CSE system is linked to conversion of
methionine to cysteine, and as such, is a critical source of GSH (a cysteine-containing
tripeptide). Very recently, the presence of H,S has been suggested to be a marker for a larger
persulfide (RSS™) pool. Ida and colleagues [225] showed that CSE, and to a lesser extent
CBS, can catalyze conversion of cystine (CysSSCys) to cysteine persulfide (CysSS™), which
leads to high levels of glutathione persulfide (GSS™) and protein persulfides in mammalian
tissues and plasma. Polysulfide proteins were also observed, as a consequence of CysSS™,
formation. In addition, H»S is consumed to protect the mitochondria by sulfide:quinone
oxidoreductase (SQR) at a significant rate. This process generates GSS™, suggesting that
there is a biological and chemical equilibrium between H,S and persulfides [223, 226].
Since persulfides are estimated to exist at as much as 1000 times higher levels than H,S, it
has been hypothesized that persulfides may be a major factor/player in thiol-based signaling
[225], potentially of even higher significance than H,S. The TSP-1/CD47 pathway also
inhibits H,S signaling in T cells and inhibits activation-induced up-regulation of CBS and
CSE expression [227].

The ubiquitous presence of persulfides changes the current perspective with respect to the
interaction of RNS and thiols and may add a unique layer of complexity to the redox
signaling landscape (Figure 6). Persulfides and H,S may provide a new pathway for the
interchange of thiol and nitrosative signaling. Several recent articles suggest unique
chemistry associated with RSS™ (for instance, [228]). Since RSS™ is a better nucleophile
than free thiols, persulfide formation may represent a mechanism to increase nucleophilicity.
Nitrosation of persulfides could result in RSSNO species, which can decompose through
RSH attack to RSSR and HSNO [229]. Thionitrite (ONS™) has been proposed as an
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intermediate in NO and H,S chemistry, presumably through a nitrosative mechanism [230].
Interestingly, Feelisch and coworkers have shown that ONS™ is a stable species that activates
sGC [231]. Decomposition of these species, which are relatively stable, can even lead to
HNO. Ida and colleagues [225] detected polysulfides (RSSyR, n = 2), which suggests the
possibility that species like RSSNO or RSSOH can lead to RSSSR for example. The
possible physiological roles of polysulfide formation have yet to be elucidated.

The realization that H,S can be an important physiological mediator led to the proposal that,
as mentioned above, ONS™ and related/derived species may be significant signaling
molecules [231]. As discussed below, these species may be part of a new signaling paradigm
linking H,S/persulfides with NO and RNS. That RSNOs have the potential to release or
degrade to a variety of RNS and/or reactive sulfur species may explain why there is so little
RSNO in circulating blood [232-234].

VI. Nonheme Iron Signaling

At physiological levels of NO (<100 nM), heme proteins, in particular SGC, are the primary
targets of NO. As NO levels rise, the kinetic accessibility of other targets, especially
nonheme iron complexes, increases. In biological systems, iron is typically bound by a
variety of sulfur, oxygen and nitrogen containing ligands. Perhaps the most well-known
nonheme complexes are iron-sulfur clusters, which play diverse roles from electron transport
to gene expression. A prototypical example of an iron-sulfur cluster protein is the TCA cycle
enzyme aconitase. Another classic example that highlights the diversity and importance of
nonheme iron complexes in metabolism [235, 236] is the prolyl hydroxylases, which are
involved in collagen formation and stabilization of HIF-1a [237-239]. The iron-binding site
in these proteins consists of two histidines and an aspartate residue in a facial triad.

With respect to coordination of NO, nonheme iron complexes tend to have slower on rates
103-106 [238] than heme systems (>107; [11]). The offrates also differ, and the impact on
stability can be simplified by considering Ko [240]. To provide an estimate of stability,
consider simply that 1/ Kno approximates the concentration of NO needed to result in 50%
complexation. For example, sGC has a Ko of 108 suggesting that a 10 nM NO flux is
required to lead to occupation of half of the binding sites. The Ko for nonheme iron
systems is typically lower (~109) suggesting that a higher NO flux, in the 300 nM range, is
required to significantly bind NO [2]. In analogy to protein environments enhancing thiol
nucleophilicity, as indicated by a reduced pKj value, tuning of the Ko by the ligand field of
an iron complex may be a key determinant to enzymatic activity and signaling functionality.

Many studies of nonheme protein-mediated signaling have focused on iron metabolism, in
particular iron binding and the regulation of transferrin and ferritin in iron homeostasis [53].
The interrelated nature of NO, iron and O in regulation of the uptake and storage of cellular
iron has been reviewed extensively elsewhere (see [24, 241, 242]). Briefly, binding of NO to
key iron-sulfur clusters can lead to regulation of translation of proteins containing iron
responsive element (IRE) motifs in their mRNA such as transferrin receptor and ferritin
[243-245]. Interestingly, a similar coordinative mechanism for the regulation of
ferrochelatase leads to inhibition of heme synthesis [246], potentially serving as a negative
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feedback mechanism for NO production from NOS. Nitrosylation of the nonheme iron sites
in aconitase [238] and prolyl hydroxylase [247] also lead to enzyme inhibition and thus can
serve a regulatory role that impacts metabolism and response to low oxygen levels.

In the phagosome, iron deposition facilitates the sterilization process in conjunction with
ROS and nitrite [3]. In addition, as described in Section 1V, dysregulation of iron can lead to
generation of highly oxidizing and deleterious species, such as by serving as catalytic
sources for Fenton reactivity [235]. Importantly, NO can serve a protective, antioxidant role
in this regard since it can either react rapidly with deleterious radical intermediates
associated with oxidative stress or bind catalytic metals responsible for oxidant generation.

Nonheme iron complexes have recently been shown to play a vital role in regulating critical
epigenetic modifications in the cell by modulating both DNA and histone modifications.
Many of the demethylases that act on histone or CpG islands in DNA contain nonheme iron
centers that oxidize the methyl group in a series of reactions ultimately releasing CO, and
the demethylated product [248]. For example, the JmjC class of lysine specific demethylases
(KDMs) are mononuclear iron dioxygenases that use a-KG and O, as co-substrates to
oxidatively demethylate specific lysine residues. The iron-binding motif of this family of
demethylases is similar to that of prolyl hydroxylase. NO, iron chelators and divalent metals
such as Co?* and NiZ* have all been shown to inhibit dioxygenases that contain this
structural motif, by binding, removing or replacing iron. Binding of NO to JmjC domain-
containing histone demethylases orchestrates remodeling of global histone methylation
patterns through three distinct mechanisms: direct inhibition, dinitrosyliron complex-
mediated reduction in iron cofactor availability, and regulation of gene expression of methyl-
modifying enzymes [249].

Lysine methylation status is maintained by lysine methyltransferases (KMT) and KDMs,
respectively. Methylation status is therefore a dynamic process that represents a balance of
KMT and KDM activities. Since the methylation status of histone lysine residues can
positively or negatively influence gene transcription, the KMT/KDM-driven balance can
have both acute and long-term impacts on chromatin structure and mRNA expression.

Another critical epigenetic event that has profound effects on gene expression is methylation
of DNA cytosine bases. Specifically, 5-methylcytosine (5-mC) is associated with
transcriptional repression and is an important determinant of the phenotypic outcome of
numerous cellular events. Although 5-mC is the most studied epigenetic DNA modification,
at least three other methylcytosine derivatives with gene regulatory functions exist: 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC).
Conversion of cytosine to 5-mC is accomplished by DNA methyltransferases while the
sequential oxidation of 5mC to 5fC and 5caC is catalyzed by the ten-eleven-translocation
(TET) family of proteins. These TET enzymes belong to the same class of Fe(ll)-dependent
mononuclear nonheme dioxygenases as the demethylases. TET proteins should be
candidates for inhibition by NO under normoxic conditions resulting in alterations in 5-hmC
patterns. The hypothesis that NO acts as an epigenetic regulator by modulating TET
pathways is compelling and could account for a significant proportion of the phenotypic
responses to NO.
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The chelatable iron pool (CIP) is another important cellular target for NO. Reaction of
excess NO with the CIP leads to quantitative conversion to paramagnetic dinitrosyliron
complexes (DNICs) with thiol containing ligands [250, 251]. Although DNICs have been
detected under both normal and pathological conditions, the functional consequences
attributed to their formation have remained obscure. Hickok et a/. examined regulation of the
tumor suppressor protein N-Myc downstream-regulated gene 1 (NDRG1) by NO via its
reaction with the CIP [252]. Previous reports indicated that NDRGL is strongly upregulated
by iron chelators [253], and therefore NDRG1 was hypothesized to be similarly regulated by
iron sequestration through DNIC formation. DNIC-mediated sequestration of chelatable iron
in tumor cells did in fact result in an iron-starved phenotype [254]. The appearance of
DNICs was also found to be a key determinant for NDRG1 upregulation in triple negative
breast cancer cells [252]. These studies showed that NO-mediated suppression of tumor cell
migration was mediated through NDRG1 expression, indicating a distinct functional
consequence of the reaction of NO with chelatable iron.

Nonheme iron may be at the crossroads for formation of intermediates that lead to species
like, NO, NO, or RSNO, thus directing/changing the redox signaling landscape [238, 240].
The oxidation of reduced species such as NH,OH (Eqg. 12) has been investigated extensively
with heme proteins [150]. However, Vanin originally proposed that DNICs could lead to a
series of reactions that result in RSNO and possibly HNO formation [255, 256]. The
potential importance of nonheme iron in the redox landscape has likely been
underappreciated.

VII. RNS-derived Signaling in Cancer

The role of chronic inflammation in oncogenesis and the contribution of NOS2 and
NO/RNS signaling in tumor growth and metastasis have become areas of increased interest.
Expression of NOS2 has been reported in malignancies of the breast, prostate, lung, brain
and colon [257-266]. Increased NOS2 expression predicts poor survival in estrogen receptor
a-negative (ER(-)) breast cancer patients [267]. In contrast, NO derived from NOS2 in
macrophages can have cytostatic and cytotoxic effects on cancer cells [268, 269].

The considerable disparity of outcome relative to NOS2 expression in tumor cells compared
to immune cells may be a consequence of the location of NO production. It can be
envisioned that production of NO by cancer cells may either modify unique targets or
highjack an existing signaling modification. As such inhibition of NOS2 within cancer cells
may be therapeutic [270] while delivery of exogenous NO may initiate tumor regression in
simulation of the immune system. In fact, NO donors have been shown to lead to chemo-
[271, 272] and radiosensitization [273-275] and to overcome drug resistance in tumor cells
[276].

As introduced in Section 11, S-nitrosation of the membrane proteins H-Ras, EGFR, and
TIMP1 regulates activation of the classic growth factors PI3K and ERK [54-56] (Figure 7).
H-Ras, PI3K and ERK are regulated by TSP-1/CD47 signaling via cGMP-independent
pathways [227, 277, 278]. In some tissues, TSP-1 may also regulate S-nitrosation of these
proteins by controlling NOS2 expression [279]. The tumor suppressor protein phosphatase
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2A (PP2A) also plays an important inhibitory role in these pathways [32]. PP2A is a
threonine serine phosphatase that interacts with Akt, ERK and other downstream targets.
PP2A is inhibited by EGFR-mediated phosphorylation or binding to SET nuclear oncogene
(SET) and cancerous inhibitor of protein phosphatase 2 (CIP2) [280]. Interestingly,
apolipoprotein E (ApoE)-3 also displaces SET and increases PP2A activity, suggesting a
potential role of ApoE at nitrosative levels of NO [281].

In chronic disease, increases in ROS and oxidative stress can inhibit NO signaling in wound
healing processes, leading to perpetual inflammation and tissue restoration. Exposure of NO
to breast cancer cells increased HIF-1a and P-p53 levels and activated EGFR and Src via
nitrosation [27, 57, 282]. However, NO-induced HIF-1a stabilization and p53
phosphorylation levels are decreased by O,~ [57, 283]. Addition of SOD proved to be
protective toward nitrosative signaling [284]. These results suggest that NO levels and
subsequent downstream signaling events are regulated by O,™. The antagonistic relationship
between NO and ROS is therefore an important aspect of NO signaling and is a factor in
tailoring the redox landscape.

In addition to nitrosation, protein nitration has been shown to modulate signaling pathways
and disease outcome [67, 84, 163]. Increases in nitration of specific tyrosine residues can
impact signaling, for example in mitochondria with dependence on fluctuations in O,
tension [285]. Nitration of p53 and TIMP1 has been demonstrated to induce interesting
changes in cellular function [84, 163, 286]. In the case of p53, nitration of tyrosine 327 by
low doses of NO specifically leads to stabilization of p53 without ataxia telangiectasia and
Rad3-related protein/ataxia telangiectasia mutated (ATR/ATM)-dependent phosphorylation
[286]. At such doses, DNA damage was not sufficient for the ATR system to sense and
initiate cell cycle arrest.

TIMP1 nitration has recently been reported in human macrophages treated with LPS, which
reduced the ability to bind and inhibit active MMP-9 [84]. In support of this observation,
mass spectrometry has recently been employed to identify NO donor-mediated tyrosine
nitration of TIMP-1 [163]. Internal tyrosines were specifically nitrated (Y95 and Y143),
while more exposed residues were not modified. These tyrosine residues reside near key
disulfide bonds that form knot structures, which are critical for TIMP-1 binding and
inhibition of active MMPs [287]. As MMPs are involved in breakdown and remodeling of
the extracellular matrix, they are a critical component of the metastatic process. NO-
mediated activation of MMP activity could therefore increase cancer cell invasion and
migration.

Nitration of TIMP1 prevents inhibition of active MMP9. Concurrently, a similar level of NO
activates latent MMP9 [66, 288, 289]. Nitration of TIMP1 is also associated with enhanced
CD63 binding, which promotes pro-survival signaling through PI3K/Akt/BAD
phosphorylation, as well as increased drug resistance, cellular proliferation and brain
metastasis [33, 163]. CD63 is associated with induction of autophagy [290] and may be a
trigger for prosurvival autophagy. Thus, selective nitration leads to specific phenotypes. NO
donor-mediated nitration events occurred in the range of 100-700 nM steady state NO fluxes
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and correlated with NO-mediated Akt pathway activation and reduced survival in ER(-)
breast cancer patients with high tumor NOS2 expression [163].

TIMP1 modulates cellular functions via MMP-dependent and -independent mechanisms.
MMP-independent pathways can occur through TIMP-1 interaction with the cell surface
tetraspanin CD63/integrin complex, which initiates PI3K/Akt-dependent pro-survival
signaling [163, 291-293]. Interestingly, immunoprecipitation studies have demonstrated that
mutated TIMP1, which lacks MMP inhibitory function, binds CD63 to a higher degree when
compared to wild type protein [294]. Similarly, TIMP-1 from NO donor treated cells showed
enhanced nitration and co-immunoprecipitated with CD63 to a higher degree than that of
untreated controls [163]. Collectively, these results suggest that elevated NO flux in high
NOS2-expressing breast tumors may shift TIMP-1 function away from MMP-inhibition to
favor TIMP1/CD63-mediated pro-survival signaling while maintaining MMP activity, which
further promotes disease progression through the selection of invasive phenotypes.

As described here, the interactions between nitrogen oxides, oxygen and reactive oxygen
species, thiol and thiol-derived species and nonheme iron complexes are vital to regulation
of cellular metabolism and temporal response to the cellular environment. Due to this
interconnectivity, it is often difficult to study the mechanisms of isolated species. That is,
focusing on a single signaling species may greatly over-simplify the overall effect and role
of this species in an integrated system. Nonetheless, it is clear that NO and related species
provide a multitude of reactions that shape the redox landscape. The reactions mediated by
NO provide a chemical approach to signaling that is independent of normal ligand activation
but dependent on NO flux and NOS2 activity. Additionally, nitrosative and non-heme iron
signaling is key to both normal biological functions as well as disease mechanisms. In
particular, a central role for NOS2 in wound healing and cancer progression is emerging.
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Highlights
e NO concentration is correlated with physiological and stress-related signaling
» redox active signaling agents are highly interrelated
» nitrosative modifications are involved in signaling and stress processes

« stress-related signaling mechanisms are triggered to protect cells
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Figure 1.

Components of the redox landscape. Cellular signaling includes physiological, stress-related

and return to homeostasis signaling.
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Figure 2.
Elucidation of NO levels and signaling mechanisms from NO donors in the Petri dish
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Chemical sources of N,O3
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Three major mechanisms for formation of RSNOs
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Figure 5.

Nitroxyl (HNO) and thiols as novel signaling species
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The interplay between HyS/persulfides and RNS
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Figure 7.
Examples of non-cGMP signaling by NO
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