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Abstract

Nitric oxide is well established as a major signaling molecule. Evidence is accumulating that carbon
monoxide and hydrogen sulfide also are physiologic mediators in the cardiovascular, immune, and
nervous systems. This Review focuses on mechanisms whereby they signal by binding to metal
centers in metalloproteins, such as in guanylyl cyclase, or modifying sulfhydryl groups in protein
targets.

Introduction

Signaling molecules come in all sizes and chemical dispositions, ranging from relatively large
proteins, lipids, and peptides through biogenic amines and amino acids, to gaseous molecules.
Variations in the properties of signaling molecules that depend upon their chemical nature are
best exemplified among neurotransmitters. Amine, amino acid, and peptide neurotransmitters
share a number of features. All are stored in synaptic vesicles, so that with each nerve impulse
only a small proportion of the stores is released, leaving a large safety net of reserve pools.
Release involves exocytosis, in which the vesicle fuses with the plasma membrane to expel its
contents. These neurotransmitters bind to receptor proteins on the external surface of adjacent
membranes. Inactivation occurs by reuptake of neurotransmitters into the releasing nerve
terminal or adjacent glia, by enzymatic degradation, or by simple diffusion away from the
synapse. Nitric oxide (NO) was the first identified gasotransmitter, a term that refers to a
gaseous messenger molecule involved in any signaling process. More recent studies have
established carbon monoxide (CO) and hydrogen sulfide (H,S) as physiologically relevant
gasotransmitters.

The gasotransmitters have overturned conventional concepts of intercellular communication.
For instance, a gaseous substance is not readily stored in vesicular structures and so must be
resynthesized as needed. This implies that, rather then supply depending on regulation of
exocytosis, the biosynthetic enzymes must be subject to extraordinarily nuanced regulatory
mechanisms. Instead of binding to plasma membrane receptors, gasotransmitters diffuse into
adjacent cells to interact with their targets. Two of the gasotransmitters, NO and H,S, display
notable chemical reactivity. Thus, were they to diffuse randomly throughout cells, they would
likely be intercepted and inactivated by substances such as glutathione, which is present in
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abundant concentrations. Instead, NO typically reaches its targets through the binding of its
biosynthetic enzyme, one or another form of NO synthase (NOS), to the protein target.
Alternatively, a scaffolding protein such as CAPON (carboxy-terminal PDZ ligand of neuronal
NO synthase protein) delivers NOS to the target. Similar regulatory mechanisms may also exist
to direct H,S to specific targets, though none have been reported.

Perhaps the most remarkably unique feature of gasotransmitters relates to the molecular
mechanisms whereby they signal to their targets. Classical messenger molecules act through
amplifying signal cascades. For instance, hormones and neurotransmitters that act through G
protein (heterotrimeric guanine nucleotide—binding protein)—coupled receptors (GPCRs) elicit
alterations in properties of the G proteins, which in turn affect enzymes that generate cyclic
nucleotides or inositol 1,4,5-trisphosphate (IP3). The cyclic nucleotides influence various
protein kinases, whereas IP3 releases intracellular calcium, which in turn affects diverse
intracellular proteins. Peptides and proteins that act through tyrosine kinase receptors elicit a
distinct but similarly lengthy sequence of molecular events. By contrast, gasotransmitters
chemically modify intracellular proteins, thus affecting cellular metabolism in a more
immediate fashion. These signaling processes make up the bulk of this review.

Gasotransmitter Properties

Nitric oxide

NO was first identified as the mediator of two processes, blood-vessel relaxation (1) and
macrophage activation (2—4). The classic work of Robert Furchgott established that substances
such as acetylcholine do not relax blood vessels by acting directly on the smooth muscle but
instead activate the endothelium to produce a diffusible substance, endothelial-derived relaxing
factor (EDRF), which was subsequently indentified as NO (Table 1 and Fig. 1) (5-7).
Independently, other investigators sought the molecule(s) that enables activated macrophages
to kill tumor cells and bacteria and identified NO as a culprit. Rapid enhancement of our
understanding of NO function came with the isolation and molecular cloning of neuronal NO
synthase (nNOS, also known as NOS1), enabling the subsequent cloning of the macrophage
form, inducible NO synthase (iNOS, also known as NOS2) and endothelial NO synthase
(eNQOS, also known as NOS3) (8). These enzymes generate NO from a guanidino nitrogen of
arginine, with citrulline formed as a by-product. The NOS isoforms are heavily regulated. Their
oxidative functions are mediated by FAD (flavin adenine dinucleotide), FMN (flavin
mononucleotide), and tetrahydrobiopterin, and they are phosphorylated by a wide range of
serine kinases. Swift activation of eNOS and nNOS reflects calcium-calmodulin stimulation,
a rapid but evanescent process. eNOS is regulated by its translocation between intracellular
caveolar structures and the plasma membrane (9). For continuous stimulation in blood vessels,
viscous drag and shear stress activate the phosphoinositide 3-kinase (Pl 3-kinase)-Akt
phosphorylation pathway to elicit long-term activation of eNOS (10). This is exemplified in
penile erection, which involves vasodilation of the corpora cavernosae with erection being
initiated by calcium-calmodulin activation of nNOS followed by Akt stimulation of eNOS
(11). By contrast, enhancement of iNOS function predominantly involves marked
augmentation of new protein synthesis, hence the term “inducible” NOS. Within 1 to 2 hours
of endotoxin stimulation of macrophages, very large amounts of iNOS are synthesized to
produce the substantial quantities of NO needed to attack bacteria or tumor cells. These are
just a few examples of the myriad facets of NO biology.

The carrier protein CAPON delivers nNOS to its targets. The C terminus of CAPON interacts
with the PDZ domain of nNOS, competing with the binding of nNOS to PSD95 (postsynaptic
density protein-95) (12). Glutamate, acting through its N-methyl-D-aspartate (NMDA)
subtype receptor, signals to nNOS via PSD95 (Table 2) (13). Thus, CAPON may regulate
nNOS by influencing its ability to associate with PSD95-NMDA receptor complexes. CAPON
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also binds to Dexrasl, a brain-enriched member of the Ras family of small guanosine
triphosphatases, thereby linking Dexras1 to nNOS. The generated NO serves as a guanine
nucleotide exchange factor for Dexrasl (14). Dexrasl, inturn, via the benzodiazepine receptor—
associated protein (PAP7), is linked to divalent metal transporter 1 (DMT1), which mediates
iron accumulation in cells. NMDA receptor activation, via nNOS, leads to S-nitrosylation and
activation of Dexrasl, which physiologically induces iron uptake through DMT1. This iron
accumulation may contribute to NMDA neurotoxicity, because selective iron chelation
prevents NMDA toxicity (14).

Carbon monoxide

Whereas NO was isolated as the chemical mediator of an important biological function, CO
was known to be formed physiologically long before much attention had been devoted to its
function (15). Heme oxygenase 1 (HO1) is an inducible enzyme responsible for degrading
heme that exits aging red blood cells. HO1 cleaves the heme ring to the straight-chain biliverdin,
thereby releasing CO. Biliverdin is rapidly reduced to bilirubin by biliverdin reductase, which
occurs in high densities in cells so that biliverdin rarely accumulates. Bilirubin was long thought
to be only a toxic end product, which in high concentrations gives rise to jaundice in newborn
infants and which in excess can cause kernicteric damage to the brain. Bilirubin is now
appreciated as a physiologic antioxidant cytoprotectant comparable in importance to
glutathione (16). The lipophilic bilirubin protects cell membranes against lipid peroxidation,
whereas the water-soluble glutathione protects soluble proteins (17). Low tissue concentrations
of bilirubin can protect against much higher concentrations of reactive oxygen species through
a cycle in which the antioxidant actions of bilirubin are accompanied by its oxidation to
biliverdin, upon which it is immediately reduced back to bilirubin by biliverdin reductase
(16).

The anti-stress and anti-inflammatory role of HO1 may involve CO as well as bilirubin.
Exogenous CO inhibits the formation of pro-inflammatory cytokines and increases the
production of anti-inflammatory cytokines (18). CO also prevents arteriosclerotic lesions by
inhibiting smooth muscle cell proliferation (19). Following vascular injury, activation of HO1
directly reduces vasoconstriction and inhibits cell proliferation (19). CO stabilizes hypoxia-
inducible factor 1o (HIFla), leading to cytoprotection (20).

HO1 is induced following virtually all forms of cell stress and is even designated a heat shock
protein. This induction presumably affords cytoprotection through bilirubin and CO. By
contrast, iNOS, via its product NO, mediates inflammatory responses of macrophages. Like
heme oxygenase, NOS generates two products, NO and citrulline. Citrulline is a component
of the urea cycle but, in contrast to bilirubin, is not thought to act itself as a messenger molecule.

In analogy to distinctions between the inducible iNOS and the constitutive nNOS and eNOS,
a constitutive heme oxygenase 2 (HO2) exists. Moreover, like eNOS and nNOS, HO2 is
activated by calcium-calmodulin (21). Just as phosphorylation of NOS isoforms can augment
their activity, HO2 is phosphorylated and activated by casein kinase 2 (CK2) (22).

CO and NO have several functional parallels. HOZ2, like eNOS, is localized to the endothelial
layer of blood vessels (Table 1 and Fig. 1) (23). CO relaxes blood vessels and may be an EDRF,
although the evidence for this is much weaker than for NO and HS (see below). Both HO2
and nNOS are localized to discrete populations of neurons in the brain with some overlap (Table
2) (24). In the myenteric plexus of the intestines, HO2 and nNOS are colocalized to many
neurons and both mediate nonadrenergic, noncholinergic neurotransmission (25-27).
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Hydrogen sulfide

Effects of H,S on numerous organs were well characterized before unequivocal evidence for
its physiologic enzymatic formation in mammals was obtained. Like NO, H,S is chemically
reactive and for years was regarded as a noxious toxin. However, H,S gas or H,S donors had
long been known to relax blood vessels and to relieve hypoxic pulmonary hypertension and
ischemia-reperfusion injury in the heart, to reduce leukocyte adherence in the blood vessels,
to be anti-inflammatory, and to reduce blood vessel restenosis (28). H,S gas has been evaluated
for possible clinical actions, and sulfide-releasing nonsteroidal anti-inflammatory drugs
(NSAIDs) as well as other H,S-related agents have been developed by pharmaceutical
companies. H,S induces a suspended animation-like state in mice, and the resulting reduced
metabolic demands are potentially useful in improving outcomes after surgery or stroke (29).
In Caenorhabditis elegans, H,S exposure renders the worms tolerant to heat stress and
increases their life span (30). The reduced cardiovascular risk associated with ingestion of
garlic appears to be related to the generation of H,S in red blood cells from garlic-derived
organic polysulfides (31).

Very recently, physiologic biosynthetic pathways for H,S have been established. It has long
been known that cystathionine y-lyase (cystathionase; CSE) and cystathionine B-synthase
(CBS) can generate H,S from cysteine. Abe and Kimura (32,33) showed that CBS inhibitors
decrease production of H,S in the brain, whereas the CBS activator S-adenosylmethionine
augments H,S formation. However, definitive evidence that H»S is generated in intact
organisms by these enzymes was lacking. Recent studies show that targeted deletion of CSE
leads to a profound decrease in H,S generation in the aorta, heart, and serum, although not in
the brain (34). CBS appears to be the primary H,S-synthesizing enzyme in the brain, as deletion
of CBS leads to loss of H,S formation by brain tissue (Table 2) (35). Like HO2, nNOS, and
eNOS, CSE activity is calcium-calmodulin dependent (34). A role for calcium-calmodulin in
CBS activity has not been established. Neither CSE nor CBS are dramatically inducible in the
manner of iINOS and HOL.

Like NO, HsS is a robust EDRF (Table 1 and Fig. 1) (34). Like eNOS and HO2, CSE protein
is highly localized to the endothelial layer of blood vessels. Moreover, cholinergic relaxation
of blood vessels is profoundly reduced in CSE knockout mice. The CSE knockouts manifest
increased blood pressure comparable to that of eNOS knockouts. The extent to which NO,
H,S, and CO contribute to overall EDRF activity in different vascular beds remains to be
determined.

Signaling Targets

Nitric oxide

NO signals in multiple ways. One of its first elucidated functions, mediating macrophage-
elicited tumoricidal and bactericidal actions, involves reactions of NO with superoxide to
generate peroxynitrite. This reactive species in turn decomposes to the highly toxic hydroxyl
free radical which, along with other related reactive oxygen species, damages multiple
intracellular organelles.

Relaxation of blood vessels was known to involve cyclic guanosine monophosphate (cGMP)
long before the identification of NO as an EDRF. cGMP activates cGMP-dependent protein
kinase to phosphorylate myosin and other proteins that regulate muscle contractility. NO
activates the cGMP-forming enzyme guanylyl cyclase by binding with nanomolar affinity to
iron in the heme at the active site of the enzyme (Table 1 and Fig. 1). NO influences numerous
mitochondrial heme proteins through a similar mechanism. For instance, NO may directly
modulate cellular energetics by interfering with the O, binding of cytochrome ¢ oxidase,
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altering its ability to catalyze the oxidation of cytochrome c and the reduction of O, to water
(36).

NO also binds to the iron-sulfur cluster of cytosolic aconitase, also known as iron regulatory
protein 1 (IRP1) (37). This enzyme interconverts between an active cytosolic enzyme and an
RNA-binding protein. In iron-depleted cells, cytosolic aconitase loses its enzymatic activity
and functions as IRP1, binding to specific RNA stem-loop structures called iron-responsive
elements, whereas in iron-replete cells the converse takes place, with the enzymatic activity of
aconitase returning. By binding to the mRNA of ferritin and of the transferrin receptor, IRP1
controls the iron homeostasis of cells. Glutamate-NMDA neurotransmission, via NO,
stimulates the IRE-binding function of IRP1 and diminishes its cytosolic aconitase activity.

The chemical reactivity of NO is particularly well suited for interacting with sulfhydryl groups
of cysteine. Elegant studies of Stamler and associates (38) established that NO can S-nitrosylate
numerous proteins (Table 3). Because S-nitrosylation is extremely labile, demonstrating that
proteins are physiologically nitrosylated under basal conditions was challenging. The
development of the biotin-switch method for identifying endogenously nitrosylated proteins
established definitively that a number of prominent proteins in the brain are basally
nitrosylated, with this modification vanishing in mice with targeted deletion of NNOS (39). In
the initial study, proteins shown to be basally nitrosylated in wild-type but not NNOS knockout
mice included glyceraldehyde-3-phosphate dehydrogenase (GAPDH), glycogen
phosphorylase, creatine kinase, retinoblastoma gene product (Rb), heat-shock protein-72
(HSP72), sodium/potassium adenosine triphosphatase (ATPase), the NMDA receptor, -
tubulin, actin, and neurofilament heavy protein. Thus, in these first experiments, the range of
endogenously nitrosylated proteins was considerable and included metabolic enzymes, ion
channels, neurotransmitter receptors, a sodium-pumping enzyme, and structural proteins.
Identifying nitrosylation by the biotin-switch or related techniques, and demonstrating loss of
signal in NOS-depleted tissues, are now regarded as essential criteria in establishing the
physiologic relevance of a protein's nitrosylation. Numerous proteins have now been shown
to be physiologically nitrosylated. Here, we focus upon some well-characterized examples that
illustrate certain principles.

A number of enzymes and other proteins related to neurotransmission are nitrosylated. The
generation of NO by NOS from arginine can be influenced by consumption of arginine by
arginase. Nitrosylation of arginase increases its affinity for arginine about sixfold (40).
Nitrosylation of arginase is markedly increased in blood vessels of aging rats; this leads to
increased arginase activity with less arginine available for eNOS, accounting for the impaired
NO bioavailability and endothelial dysfunction characteristic of aging.

NO directly influences the biosynthesis of D-serine, which is a co-agonist with glutamate at
NMDA receptors (41). Serine racemase, which converts L-serine to D-serine, is
physiologically nitrosylated, which inhibits its enzymatic activity (42). NO is formed in
response to NMDA transmission and may diffuse in a retrograde manner to cells generating
D-serine as a form of feedback inhibition.

The exocytotic release of chemical mediators and surface expression of neurotransmitter
receptors may be regulated by nitrosylation of NSF (N-ethylmaleimide—sensitive factor), an
ATPase that modulates vesicular transport. Nitrosylation of NSF influences exocytosis of
granules from endothelial cells (43). Glutamate, the major excitatory neurotransmitter in brain,
mediates excitation primarily through a-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid (AMPA)-type receptors. Recycling of AMPA receptors by endocytosis followed by
surface expression is a principal mechanism for the synaptic plasticity that underlies learning
and memory. NSF facilitates the recycling of AMPA receptors into synaptic membranes (44).
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S-nitrosylation of NSF enhances its binding to AMPA receptors, which leads to their increased
surface expression. In this way, NO is a major regulator of synaptic plasticity.

Nitrosylation also regulates critical proteins that influence GPCRs. GPCR kinases (GRKS)
attenuate G-protein signaling and target GPCRSs for internalization. Nitrosylation of the GRKs
inhibits their activity, leading to diminished phosphorylation and increased surface expression
of the receptors (45). The scaffolding protein B-arrestin binds activated GPCRSs to inhibit their
coupling to G proteins. Nitrosylation of B-arrestin promotes its binding to clathrin and p-
adaptin, which accelerates the internalization of GPCRs bound to B-arrestin (46). Thus,
nitrosylation of GRK and B-arrestin exert opposite effects upon surface expression of GPCRs.

Various ion channels are also nitrosylated, a modification that sometimes has major clinical
relevance. The ryanodine receptor (RyR), a calcium channel that occurs ubiquitously but is
most prominent in cardiac and skeletal muscle, is S-nitrosylated under basal conditions (47,
48). nNOS knockout mice show impaired RyR S-nitrosylation, which alters calcium dynamics.
Diastolic calcium concentrations are increased in the hearts of the knockouts, presumably
reflecting diastolic calcium leakage. This leads to defects in cardiac electrical stability,
predisposing toward arrhythmias.

Mutations in the RyR of skeletal muscle occur in patients who are sensitive to environmental
heat stroke as well as in patients who develop malignant hyperthermia, a related condition in
which elevated body temperature leads to uncontrolled muscle contractions that can be
triggered by halogenated anesthetics such as halothane and isofluorane (47). Exercise-induced
sudden death often occurs in young healthy individuals with family histories of malignant
hyperthermia. Hamilton and associates (47) have shown that the enhanced calcium leak with
RyR mutations that in humans are associated with malignant hyperthermia leads to increased
oxidative and nitrosative stress, which causes RyR nitrosylation. This further augments the
calcium leak and, in a feed-forward system, increases susceptibility to heat-induced sudden
death.

Transient receptor potential (TRP) proteins are cation channels that respond to numerous
stimuli. Most TRP channels appear to be physiologically nitrosylated (49). The nitrosylated
cysteines are uniformly associated with the N-terminal side of the pore region of the channel.
Nitrosylation of TRPC5 following activation of the G protein—coupled ATP receptor regulates
channel function.

Numerous cytoskeletal proteins are regulated by nitrosylation. The microtubule-associated
protein-1B (MAP1B) binds actin as well as microtubules, is necessary for neuronal migration,
and has been implicated in neurological disorders such as fragile X syndrome. It is nitrosylated
under basal conditions (50). NNOS binds MAP1B, thereby “delivering” NO to its target (50).
Nitrosylation of MAP1B increases microtubule binding and causes neurite retraction.
Activation of NNOS leads to axon retraction, which is lost in MAP1B-deleted tissues, implying
that nitrosylation of this protein is responsible for NO-induced axon retraction.

Protein disulf ide isomerase (PDI) regulates the maturation and transport of unfolded secretory
proteins by catalyzing thioldisulfide exchange. In the brains of Parkinson's or Alzheimer's
disease patients, PDI is nitrosylated, which inhibits its catalytic activity and leads to the
accumulation of polyubiquitinated proteins (51). PDI physiologically attenuates neuronal cell
death caused by stressors; nitrosylation impairs this response, which may contribute to the
pathophysiology of neurodegenerative diseases.

An analogous situation occurs with parkin, an E3 ubiquitin ligase whose ubiquitination of
proteins helps dopamine neurons survive. Nitrosylation of parkin in a mouse model of
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Parkinson's disease may participate in pathophysiology, because nitrosylation inhibits parkin's
E3 ligase activity and protective function (52).

Nitrosylation plays a direct role in a prominent signaling pathway underlying apoptotic cell
death. Cell stressors lead to induction of iNOS in multiple tissues (2), whereas neurotoxic
insults activate nNOS in the brain (53). The resultant NO nitrosylates the glycolytic enzyme
GAPDH terminating its catalytic activity but conferring upon it the ability to bind to Siahl, an
E3 ubiquitin ligase that possesses a nuclear localization signal (54). Siahl “escorts” GAPDH
to the nucleus. In the nucleus GAPDH is acetylated by the acetyltransferase p300/CREB
binding protein (CBP), which in turn stimulates the acetylation and catalytic activity of p300/
CBP. Downstream targets of p300/CBP, such as p53, are then activated and mediate apoptosis
(55).

In a contrasting model, nitrosylation participates in the maintenance of tumors. The protein
kinase Akt phosphorylates many targets involved in enhancing cell and tumor growth.
Selective blockade of its phosphorylation of eNOS inhibits tumor initiation and maintenance
(56). NO generated by eNOS nitrosylates and activates endogenous wild-type Ras proteins that
are required for tumorigenesis.

Inflammatory mediators are also sometimes involved in cell death as exemplified by matrix
metalloproteinases (MMPSs). MMPs have been implicated in the pathophysiology of
neurodegenerative diseases, because MMP inhibitors or genetic deletion of MMP-9 reduce
vascular stroke damage. During cerebral ischemia MMP-9 colocalizes with nNOS, leading to
nitrosylation of MMP-9, which activates its catalytic activity and is associated with neuronal
apoptosis (57).

General inflammatory responses may also involve nitrosylation. Prostaglandin formation by
cyclo-oxygenase-2 (COX2) and NO formed by iNOS are two predominant small-molecule
mediators of inflammation. They appear to be functionally linked by nitrosylation (58). Thus,
iNOS and COX2 physiologically bind to each other; NO generated by iNOS nitrosylates and
activates COX2. Selectively disrupting iNOS-COX2 binding prevents NO-mediated activation
of COX2. This synergy between these two major inflammatory systems may afford a means
for developing new therapeutic agents. The site on iNOS that is most critical for binding COX2
is in close proximity to the catalytic site. Conceivably, NOS-inhibitor drugs may be modified
to interfere with INOS-COX2 binding so that a single molecule could inhibit the generation of
both NO and prostaglandins. In the heart, iINOS and COX2 may be regulated somewhat
differently, as Bolli and associates (59,60) have shown that both of these are cardioprotective.
In the brain, neurotoxicity associated with stroke and neurodegenerative diseases is elicited by
activation of NMDA-type glutamate receptors. NMDA signals, at least in part, by activation
of nNNOS through calcium traversing NMDA receptor channels (24). Through its PDZ domain,
nNOS binds COX2, with the generated NO nitrosylating and activating COX2. Selective
disruption of nNOS-COX2 binding prevents NMDA neurotoxicity.

Nuclear signaling systems are also regulated by nitrosylation. The transcription factor HIF1a
is suppressed at normal oxygen tension. Nitrosylation of normoxemic HIFla in the oxygen-
dependent degradation (ODD) domain that causes the protein's degradation stabilizes HIF1a
(61). Selective inhibition of nitrosylation attenuates HIF 1a activation.

The transcription factor CREB (cyclic AMP response element—binding protein) is also
regulated by nitrosylation. Treating neurons with brain-derived neurotrophic factor (BDNF)
elicits binding of CREB to DNA coincident with its phosphorylation at serine-133 (62).
However, CREB-DNA binding is independent of this phosphorylation (62). Instead, BDNF
initiates an NO-dependent signaling pathway leading to nitrosylation of nuclear proteins that
then associate with CREB target genes. One of the nuclear proteins nitrosylated in response to

Sci Signal. Author manuscript; available in PMC 2009 September 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mustafa et al.

Page 8

the BDNF-nNOS signaling pathway in neurons is histone deacetylase-2 (HDAC?2) (63).
Nitrosylation of HDAC?2 does not influence its deacetylase activity. Rather, it elicits release
of HDAC?2 from chromatin, which facilitates augmented acetylation of histones that surround
neurotrophin-dependent gene promoters, leading to enhanced transcription.

Nitrosylation is evanescent. Because the nitrosothiol bond is labile, denitrosylation might be
spontaneous. However, there is evidence for specific catalytic denitrosylation by thioredoxin
(64). Several caspases, enzymes that mediate apoptosis, are inhibited by nitrosylation.
Moreover, stimulation of the Fas death receptor leads to caspase denitrosylation. Stamler and
associates (64) purified a caspase-denitrosylating activity, based on the reactivation of caspase
following denitrosylation, and isolated thioredoxin. Depletion of thioredoxin by RNA
interference or pharmacologic inhibition led to increased abundance of nitrosylated caspase-3
as well as caspase-9, protein tyrosine phosphatase1B, and GAPDH. Thus, thioredoxin may be
a physiologic denitrosylating enzyme for at least some nitrosylated proteins. Specific
denitrosylating enzyme activity also affects peptides that are nitrosylated, as glutathione is
physiologically nitrosylated and then denitrosylated by the glutathione-dependent GSNO
reductase (65).

Carbon monoxide

Like NO, CO signals in multiple ways. Both molecules stimulate guanylyl cyclase to form
cGMP (Table 3). They both act by binding to iron at the active site of heme. Such binding to
heme in hemoglobin and mitochondrial proteins underlies the lethality of inhaled CO. NO is
substantially more potent than CO in activating soluble guanylyl cyclase in vitro (66,67).
However, in intact organisms, CO physiologically activates cGMP. Thus, in mice with genetic
deletion of the CO biosynthetic enzyme HOZ2, intestinal cGMP is depleted to the same extent
as in mice with nNOS knockout (27).

Nuclear transcription factors may also be regulated by CO binding to heme. The ligand-binding
pocket of the Drosophila nuclear receptor E75 contains a heme prosthetic group. Oxidation-
reduction of E75 regulates its binding to its heterodimer partner DHR3 (Drosophila hormone
receptor 3). Binding of CO, NO, or both to the heme of E75 modulates the E75-DHR3
interaction and subsequent transcription (68).

Neuronal PAS (Per, Arnt, Sim) domain protein 2 (NPAS2) is a mammalian transcription factor
that binds DNA as a dimeric partner with BMALL to regulate circadian rhythms. The PAS
domains of NPAS2 bind heme as a prosthetic group with the heme status controlling DNA
binding. CO in low concentrations inhibits the DNA binding activity of holo-NPAS2, leading
to the formation of inactive BMAL1 homodimers instead of active NPAS-BMAL1
heterodimers (69). Thus, CO-heme binding may influence the transcriptional activity that
underlies circadian rhythms.

Hydrogen sulfide

How does H,S signal? Like NO and CO, H5S relaxes blood vessels (70). Because H,S is
chemically reactive, in principle it might bind to the heme in guanylyl cyclase to augment
cGMP abundance and thereby relax smooth muscle. However, evidence indicates that dilation
of blood vessels by H,S involves activation of ATP-sensitive potassium channels (71). How
does H,S influence these channels? How does it affect other target proteins?

Recent evidence indicates that H,S signals by sulfhydrating target proteins, a process
analogous to nitrosylation (Table 3) (72). Sulfhydration, the formation of SSH in targeted
cysteines, is detected by a modification of the biotin-switch assay for nitrosylation (39). In the
conventional assay, ascorbate reduction removes NO, permitting binding by a biotin derivative,
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whereas for sulfhydrated cysteines such reduction is not required (72). This modified biotin-
switch assay reveals substantial degrees of sulfhydration for a wide range of proteins,
conceivably most of the proteins in mammalian liver. Whereas nitrosylation of proteins more
often inhibits than augments their activity, the reverse appears to be the case with sulfhydration.
Thus, sulfhydration of GAPDH at cysteine-150, critical for catalytic activity, stimulates the
enzyme about 700%. This regulation is physiologically relevant, because in CSE knockout
mice, overall catalytic activity of GAPDH in the liver is reduced by about 30% even though
GAPDH protein abundance is unaltered. Similarly, actin-dependent polymerization is
enhanced by sulfhydration.

Sulfhydration is substantially more prevalent than nitrosylation. About 10 to 25% of
endogenous GAPDH, B-tubulin, and actin are sulfhydrated under basal conditions, 5 to 10
times as much as the basal levels of protein nitrosylation (39,72). It appears likely that
sulfhydration mediates the diverse physiologic actions of H,S. Because sulfhydration affects
such a large proportion of mammalian proteins and alters their biological activity, it may
represent a previously unappreciated, major posttranslational modification.

Conclusions

The gasotransmitters have revolutionized our thinking about messenger molecules in multiple
ways. Their mode of biosynthesis, storage, and release differs markedly from those of other
hormones, neurotransmitters, and growth factors. Recent studies indicate that their modes of
signaling also differentiate them from other chemical messengers. The ability of NO and H,S
to directly modify a wide range of protein targets amplifies strikingly the possibilities for
information transmission in biology.
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Actin-myosin
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Fig. 1.
Physiologic vasorelaxation by NO, CO, and H,S. Stimulation of muscarinic acetylcholine

receptors (AChRs) on endothelial cells activates Ca?*-calmodulin (CaM), which in turn binds
to and stimulates endothelial NO synthase (eNOS), cystathionine y-lyase (CSE), and HO2 to
produce NO, H,S, and CO, respectively. NO and CO diffuse into the adjacent smooth muscle
cells and activate soluble guanylyl cyclase (sGC) to produce cyclic GMP (cGMP), ultimately
affecting the actin-myosin cross-bridge. H5S also diffuses into smooth muscle cells, where it
likely activates K* channels. These actions of all three gases lead to vasorelaxation.
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Table 1

Signaling pathways for NO, H5S, and CO in the vasculature. ACh, acetylcholine; SMC, smooth muscle cell.
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Vasculature NO H,S Cco
Synthetic enzymes eNOS CSE HO2
Endothelial localization Yes Yes Yes
Activation signal ACh ACh ACh
Ca?*-CaM regulation Yes Yes Yes
Downstream target(s) sGC-cGMP™ K* channel (Ka1p)? sGC-cGMP
Target location SMC SMC SMC
Chemical modification (Cys) S-nitrosylation? S-sulfhydration ?
Vasorelaxation Yes Yes Yes
KO phenotype Hypertension Hypertension ?
Concentration (uM) <0.2 40-150 ?

*
NO has various other targets in vascular smooth muscle in addition to sGC.
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Table 2
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How NO, H5S, and CO signal in the nervous system. EC, endothelial cell; Gl, gastrointestinal; KO, knockout; mGIuR,
metabotropic glutamate receptor.

Nervous system NO H,S Cco

Synthetic enzymes nNOS CBS HO2

Cellular localization Neuron, EC, etc. Neuron (and glia?) Neuron

Activation signal NMDA receptors ? mGIuR

Ca?* regulation Ca?*-CaM ? Ca?*-CaM
Downstream target(s) sGC-cGMP, etc. K* channel, etc. sGC-cGMP

Chemical modification (Cys) S-nitrosylation S-sulfhydration ?

KO phenotype Resists ischemia aggression Developmental deficits Decreased Gl motility
Concentration (uM) <0.1 50-160 2

See (73).
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Table 3

Selected physiologic targets of NO, H»S, and CO.
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Selected protein targets NO H,S CcO References
Dexrasl 1 Activity (14)
HIFla 1 Stability/Activity 1 Stability/Activity (20,61)
Arginase 1 Activity (40)
Serine racemase 1 Activity (42)
NSF 1 Activity (43,44)
| Exocytosis of Weibel-Palade
bodies
1 Surface AMPA receptor
GRK2 | Activity (45)
B-Arrestin 2 1 B-Adrenergic receptor (46)
endocytosis
RyR1 1 Temperature sensitivity (47,48)
TRP channels 1 Activity (49)
MAP1B 1 Binding to microtubule (50)
1 Neurite retraction
PDI | Activity (51)
Parkin | Activity (52)
COX2 1 Activity (53,58)
GAPDH | Activity 1 Activity (54,55,72)
Nuclear translocation
Ras 1 Activity (56)
MMP-9 1 Activity (57)
CREB 1 DNA binding (62)
HDAC2 1 Chromatin remodeling (63)
E75 | Activity (68)
NPAS2 1 Activity (69)
Katp 1 Activity (71)
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