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Abstract

Nitric oxide (NO) raises the intracellular 30,50-cyclic guanosine monophosphate

(cGMP) level through the activation of soluble guanylate cyclase and, in the

presence of reactive oxygen species (ROS), reacts with biomolecules to produce

nitrated cGMP derivatives. 8-Nitro-cGMP was the first endogenous cGMP
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derivative discovered in mammalian cells (2007) and was later found in plant

cells. Among the six nitrogen atoms in this molecule, the one in the nitro group

(NO2) comes from NO. This chapter asserts that this newly found cGMP is

undoubtedly one of the major physiological cNMPs. Multiple studies suggest

that its intracellular abundance might exceed that of unmodified cGMP. The

characteristic chemical feature of 8-nitro-cGMP is its ability to modify proteinous

cysteine residues via a stable sulfide bond. In this posttranslational modification,

the nitro group is detached from the guanine base. This modification, termed

“protein S-guanylation,” is known to regulate the physiological functions of

several important proteins. Furthermore, 8-nitro-cGMP participates in the regula-

tion of autophagy. For example, in antibacterial autophagy (xenophagy),

S-guanylation accumulates around invading bacterial cells and functions as a

“tag” for subsequent clearance of the organism via ubiquitin modifications. This

finding suggests the existence of a system for recognizing the cGMP structure on

proteins. Autophagy induction by 8-nitro-cGMP is mechanistically distinct from

the well-described starvation-induced autophagy and is independent of the action

of mTOR, the master regulator of canonical autophagy.
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1 Discovery of 8-Nitro-cGMP

1.1 Detection of 8-Nitro-cGMP

Endogenous nitric oxide (NO) and reactive oxygen species (ROS) are implicated in

the nitration of biomolecules such as amino acids and fatty acids. Guanine nitration

at position 8 of the ring has also been investigated since the 1990s as an inflamma-

tion marker because inducible nitric oxide synthase (iNOS) is upregulated in

inflammation (Yermilov et al. 1995; Spencer et al. 1996; Ohshima et al. 2006).

In the early 2000s, Akaike et al. speculated that 30,50-cyclic guanosine

monophosphate (cGMP ), an important second messenger, may have an endoge-

nous derivative with such a nitro group. Detailed analysis using chemically

prepared authentic 8-nitro-cGMP was culminated in the discovery of endogenous

8-nitro-cGMP in cultured cells (Sawa et al. 2007) (Fig. 1).

The intracellular 8-nitro-cGMP concentration can be estimated by immunocyto-

chemistry or mass spectrometry (MS). However, the accurate quantification of

8-nitro-cGMP in a biological sample was not trivial during the early research period

because of its instability during sample preparation. Prior addition of isotopically

(15N)-labeled 8-nitro-cGMP before extraction was found to minimize the loss of

endogenous 8-nitro-cGMP in the sample (Fujii et al. 2010). This isotope-labeled

8-nitro-cGMP not only prevents the degradation of endogenous 8-nitro-cGMP
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present in smaller amounts but also serves as an internal standard for mass spectro-

metric analysis. Notably, the endogenous level of 8-nitro-cGMP was initially

estimated to be less than 1% in all cGMPs (Sawa et al. 2007), but recent results

using this isotope labeling technique showed that the intracellular 8-nitro-cGMP

concentration is often higher than unmodified cGMP (Fujii et al. 2010). Moreover,

8-nitro-cGMP may be widely distributed in animal tissues because it was recently

found in both mouse heart (Nishida et al. 2012) and brain (Kunieda et al. 2015).

It is now generally accepted that 8-nitro-cGMP is biosynthesized via the nitra-

tion of GTP and subsequent action of guanylate cyclase (Fujii et al. 2010; Ahmed

8-amino-cGMP

cGMP

8-nitro-cGMP

The guanine nucleotide pool

NO + ROShydrolysis

reduction

NO + ROS

endogenous persulfide

8-SH-cGMP
protein S-guanylation

GTP

protein

protein

            ( RS(S)nH )

soluble 
guanylate cyclase

Fig. 1 Formation and metabolisms of 8-nitro-cGMP. Endogenous 8-nitro-cGMP forms from the

guanine nucleotide pool by the action of nitric oxide (NO) and reactive oxygen species (ROS).

This nucleotide either modifies cysteine-containing proteins via “S-guanylation” or transforms

into 8-amino-cGMP, which is further converted into intact cGMP by NO and ROS. 8-Nitro-cGMP

reacts with endogenous persulfides to produce 8-SH-cGMP, whereas the similar reaction with

sulfhydryl anion (SH�) produces 8-amino-cGMP
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et al. 2012). In studies using rat C6 cells activated by lipopolysaccharide (LPS), the

direct formation of 8-nitro-cGMP from cGMP appeared unlikely, because the

endogenous cGMP concentration (maximum 4 μM) was consistently lower than

8-nitro-cGMP (maximum 40 μM). Furthermore, peroxynitrite, a nitration agent,

quickly reacts with guanosine phosphates in the order GTP>GDP>GMP>cGMP.

In addition, 8-nitro-GTP is a good substrate of the soluble guanylate cyclase in vitro

yielding 8-nitro-cGMP, and an inhibitor of soluble guanylate cyclase was shown to

suppress intracellular 8-nitro-cGMP generation.

1.2 S-Guanylation: A Novel Posttranslational Modification (PTM)
by 8-Nitro-cGMP

The analysis of endogenous 8-nitro-cGMP was difficult in earlier studies because of

its instability in biological samples. Because the cyclic phosphate of 8-nitro-cGMP

is resistant to hydrolysis by PDE1 and PDE5 (Sawa et al. 2007), other degradation

pathways may account for its instability. An important clue to the identity of

endogenous 8-nitro-cGMP degradation pathways was obtained in 2005. Akaike

and our group noticed that the yellow color of 8-nitro-cGMP disappeared upon

treatment with thiol-containing compounds. A model reaction with 8-nitro-cGMP

and glutathione was performed in vitro at room temperature, and the reaction

product was thoroughly investigated using two-dimensional nuclear magnetic res-

onance (NMR) techniques and MS. These analyses revealed a glutathione adduct at

the 8 position of the guanine ring. This substitution of the nitro group with thiol had

never been reported in the chemistry literature and so was quite astonishing. This

reaction was named “protein S-guanylation” (Fig. 1).
Polyclonal and monoclonal antibodies specific to protein S-guanylation were

developed for immunoblot analysis and immunohistochemistry. The antibodies

demonstrated that this PTM is present in cells under basal conditions and that

levels increase during inflammation. Regulatory mechanisms of this PTM are

currently unclear because S-guanylation proceeds without enzymes. The reactivity

of each cysteine residue varies considerably depending on the neighboring

sequence. For example, Kelch-like ECH-associated protein (Keap1), which

contains multiple reactive cysteine residues, was S-guanylated even in the presence
of a 1,000-fold excess of glutathione (Sawa et al. 2007). Thus, the propensity for S-
guanylation may depend, at least in part, on the chemical environment around

cysteine residues.

As described in Sects. 3 and 4, protein S-guanylation is involved in several

physiological processes. However, it is still uncertain if endogenous levels and

distributions of NO and ROS alone can account for the spatiotemporal dynamics of

this PTM. Similarly, the intrinsic reactivity of each cysteine residue may not be the

only factor governing the selectivity of S-guanylation. An interesting topic for

future studies is the possible participation of enzymes.
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2 Metabolism: Reduction to Intact cGMP via 8-Amino-cGMP/
8-SH-cGMP

To date, three metabolic pathways for 8-nitro-cGMP have been elucidated, includ-

ing protein S-guanylation. Here we describe two additional pathways (Fig. 1).

2.1 Reductive Metabolic Pathway to Unmodified cGMP via
8-Amino-cGMP

18O-labeled 8-nitro-cGMP was chemically synthesized, and its metabolic fates in

cultured cells were monitored by liquid chromatography–mass spectrometry

(LC-MS). Along with the S-guanylation products containing glutathione or cyste-

ine, a new nucleotide, 8-amino-cGMP (8-NH2-cGMP), was identified (Saito

et al. 2012). Immunocytochemistry of LPS-activated mouse macrophage-like

RAW264.7 cells using a specific 8-amino-cGMP antibody revealed that the endog-

enous degradation of 8-nitro-cGMP was accompanied by the formation of 8-amino-

cGMP. Moreover, isotope-labeled 8-amino-cGMP was further converted to unmod-

ified cGMP in LPS-treated cells. It is intriguing that both oxidative modification

(guanine nitration) and reductive metabolism (cGMP formation) occur simulta-

neously under oxidative stress conditions.

2.2 Substitution of the Nitro Group by Persulfide Species:
8-SH-cGMP Formation

Based on the analogy to S-guanylation at thiols in cysteine residues, substitution

with endogenous sulfur species may be expected. Hydrogen sulfide (H2S) is one

such sulfur species attracting considerable attention as a gaseous signaling media-

tor. Cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE) are responsi-
ble for H2S biosynthesis. Knockdown of these enzymes resulted in increased

8-nitro-cGMP levels, indicating the regulation of 8-nitro-cGMP actions by sulfur

species. Moreover, a plausible product of S-guanylation with H2S, 8-mercapto-

cGMP (8-SH-cGMP), was identified in mammalian cell lysates by LC-MS analysis

(Nishida et al. 2012).

However, the involvement of H2S as a precursor of 8-SH-cGMP was soon

questioned because the reaction of 8-nitro-cGMP with the hydrogen sulfide anion

(SH�) in vitro predominantly yields 8-amino-cGMP (8-NH2-cGMP) (Terzić et al.

2014), a previously identified metabolite of 8-nitro-cGMP (Saito et al. 2012). Thus,

it is reasonable to conclude that endogenous H2S may serve as a reducing agent in

the conversion of 8-nitro-cGMP to 8-amino-cGMP.

A recent paper from the Akaike group provided an alternative pathway for

8-SH-cGMP biosynthesis. They demonstrated that CBS and CSE produce

persulfide species (e.g., RS-S-H) that are more nucleophilic than hydrogen sulfide.

Specifically, persulfides of cysteine (Cys-S-S-H) and glutathione (GS-S-H) are
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produced that react with 8-nitro-cGMP to provide the substitution product (RS-S-

cGMP), which is expected to yield 8-SH-cGMP via a thiol-disulfide exchange

reaction (Ida et al. 2014; Terzić et al. 2014).

Treatment of 8-SH-cGMP in vitro with hydrogen peroxide (H2O2) or reactive

nitrogen species provided intact cGMP (Nishida et al. 2012). Similarly, 8-amino-

cGMP, another metabolite of 8-nitro-cGMP, has already been demonstrated to

yield cGMP in LPS-stimulated cells. Thus, 8-SH-cGMP may also be converted to

intact cGMP in cells.

3 Regulation of Protein Functions by S-Guanylation

3.1 Activation Nrf2-ARE Pathway via S-Guanylation of Keap1

Keap1 is a major sensor of oxidative stress. It contains 25 cysteine residues and was

the first identified target of protein S-guanylation (Sawa et al. 2007). Keap1

facilitates Nrf2 proteasomal degradation by acting as an adaptor for Cullin3-

based E3 ubiquitin ligase (Kobayashi et al. 2004). Conversely, S-guanylation of

Keap1 cysteine residues at the Nrf2 interaction site causes Nrf2 to dissociate from

Keap1 and translocate into the nucleus, leading to the transcriptional activation of

cytoprotective genes (Fig. 2). The cytoprotective actions of 8-nitro-cGMP against

oxidative stress have been directly demonstrated (Cosker et al. 2014).

It should be emphasized, however, that many other endogenous electrophiles

also modify the cysteine residues of Keap1 and exhibit similar cytoprotective

actions. Moreover, 8-nitro-cGMP is an electrophile with modest reactivity; there-

fore, its contribution to Keap1 modification and downstream anti-oxidative stress

responses requires further study.

Keap1

Keap1

Nrf2

SH

SH

Cys434

Cys434

Keap1
S-guanylation

Keap1

S-cGMP

Nrf2 Nrf2
Maf

cytoprotective
genes

Nucleus

Dissociation

Fig. 2 Keap1 S-guanylation activates Nrf2-ARE pathway. The Keap1-Nrf2 pathway regulates

more than hundreds of cytoprotective genes. Keap1 inactivation by S-guanylation at cysteine

residues leads to Nrf2 nuclear translocation and induction of the cytoprotective machineries.

Keap1 Kelch-like ECH-associated protein 1, Nrf2 nuclear erythroid 2-related factor 2, ARE
antioxidant response element
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3.2 Cellular Senescence by S-Guanylation of H-Ras Protein
in a Heart Failure Model

In the early stages of heart failure, iNOS is overexpresssed to trigger cytoprotective

responses. On the other hand, iNOS also serves as a crucial factor for cardiac

remodeling. To understand these apparently opposing effects, the actions of 8-nitro-

cGMP on rat primary cardiomyocyte and cardiac fibroblast cultures were

investigated (Nishida et al. 2012). Exogenous 8-nitro-cGMP treatment induced

growth arrest and senescence, as measured by endogenous β-galactosidase activity.
These effects were not observed with other cGMP derivatives. The accumulation of

8-nitro-cGMP in mouse heart after myocardial infarction (MI) also suggests a role

in the pathogenesis of heart failure. The administration of low-dose sodium

hydrosulfide (50 μmol/kg/day) reduced the accumulation of 8-nitro-cGMP and

limited the dysfunction of the left ventricle after MI. Oncogenic H-Ras activation

can also induce cellular senescence, and Cys184 S-guanylation is a crucial regulator
because 8-nitro-cGMP did not induce senescence in a rat cardiac fibroblast mutant

expressing Cys C184S H-Ras (Fig. 3).

3.3 S-Guanylation in the Mitochondria and Its Effects on ROS
Export

The identification of new S-guanylated proteins provides additional clues to the

underlying functions of 8-nitro-cGMP. Two optimized procedures for “S-
guanylation proteomics” were reported (Rahaman et al. 2014), each with specific

merits and demerits. In the first procedure, the immunoaffinity capture and LC-MS/

MS method, protein samples are digested directly, and the resulting S-guanylated
peptides are collected by immunoaffinity capture, followed by identification using

GDP

Cys186Cys181
Cys184

SH

H-Ras

Cys186Cys181
Cys184

GTPH-Ras

Raf

Cardiac senescence
in heart failure

S-guanylation

Activation of
ERK and p38 MAPK

Lipid raft Nonraft

Fig. 3 S-Guanylation of oncogenic H-Ras activates Raf-dependent ERK and p38 MAPK

pathways. Partitioning of H-Ras between raft and non-raft domains is affected by the S-
guanylation at Cys184. Non-raft-resident GTP-bound H-Ras activates Raf1 and the downstream

signaling pathways. Cys181 and Cys186 of H-Ras are modified by palmitoylation and

isoprenylation, respectively
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LC–tandem MS. This procedure generally requires relatively large protein samples

(1 mg/analysis). In the other procedure, the protein samples are first separated by

2D-PAGE, and the S-guanylated spots are excised and digested for LC-MS/MS

analysis. In this 2D-PAGE-based procedure, smaller samples can be used (0.1 mg

protein/analysis), and the relative abundance of each S-guanylated protein spots is

known before MS/MS analysis. However, 2D-PAGE is insensitive for lipophilic

membrane proteins and basic proteins (pI> 8).

Using these procedures, several mitochondrial proteins, including Hsp60 and

mortalin, were shown to be S-guanylated in cells after stimulation with LPS and

cytokines. Subsequent studies indicated that these PTMs may be involved in

mitochondrial permeability-transition pore (mPTP) opening and mPTP-mediated

ROS release into the cytoplasm (Fig. 4).

3.4 8-Nitro-cGMP in Nerve Cells

Neuronal NO synthase (nNOS) is also involved in 8-nitro-cGMP formation

(Kasamatsu et al. 2014). Calcium ionophore treatment of nNOS-transfected

HEK-293 cells enhanced protein S-guanylation suggesting 8-nitro-cGMP forma-

tion by nNOS-derived NO and ROS in the nervous system. In a nerve terminal

model (synaptosomes), S-guanylation of synaptosomal-associated protein

25 (SNAP25) was identified (Kunieda et al. 2015). SNAP25 is a member of a

SNARE complex that regulates synaptic vesicle fusion for exocytosis. Cysteine

90 of SNAP25 was identified as the main site of S-guanylation, and this modifica-

tion was shown to stabilize the SNARE complex (Fig. 5).

Another study using primary mesencephalic cells showed that exogenous

8-nitro-cGMP protected dopaminergic neurons from cytotoxic 1-methyl-4-

phenylpyridinium (MPP+) via heme oxygenase-1 formation as well as the canonical

protein kinase G (PKG) signaling pathway. Elevated extracellular K+ concentration

Inner Mitochondrial Membrane
 (IMM)

S-guanylation

mPTP
(close)

IMM OMM

O2
- ONOO-

8-nitro-cGMP

Outer Mitochondrial Membrane
 (OMM)

HSP60

SH
Cys160

HS
Cys257

mPTP
(open)

HSP60

S-cGMP
Cys160

cGMP-S
Cys257

Fig. 4 Protein S-guanylation in the mitochondria regulates ROS export. S-guanylation of mito-

chondrial heat-shock protein 60 (HSP60) at Cys160 and Cys257 was suggested to regulate opening

of mitochondrial permeable-transition pore (mPTP) and release of ROS into the cytoplasm. O2
�:

superoxide anion radical
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induced an endogenous formation of 8-nitro-cGMP and also resulted in

neuroprotection (Kurauchi et al. 2013). These studies suggest that nNOS-derived

8-nitro-cGMP has an important cytoprotective function in neuronal cells.

3.5 8-Nitro-cGMP in Plants

As described elsewhere in this book, the roles of cGMP in plants are not well

understood compared to those in animals. Recently, the existence of 8-nitro-cGMP

in stomatal guard cells of Arabidopsis was described (Joudoi et al. 2013) (Fig. 6).

8-Nitro-cGMP and cGMP appear to have different effects on stomatal function.

Although 8-nitro-cGMP induced stomatal closure, 8-Br-cGMP, a widely used

membrane permeable analogue of cGMP, did not. In the dark, 8-Br-cGMP induced

stomatal opening, but 8-nitro-cGMP did not. Judoi et al. showed that the effects of

8-nitro-cGMP signaling are mediated by Ca2+, cyclic adenosine-5´-diphosphate-

ribose, and the SLOW ANION CHANNEL1 (SLAC1). The same research group

recently reported that the 8-nitro-cGMP metabolite 8-SH-cGMP (8-mercapto-

cGMP, Sect. 2.2) also induces stomatal closure (Honda et al. 2015). However, the

direct involvement of protein S-guanylation in these effects has not been

demonstrated.

Ca2+ nNOS

NO ROS

ONOO-8-nitro-cGMP

VAMP2

Syntaxin

SNAP25

SH
Cys90

VAMP2

Syntaxin

SNAP25

Cys90

SNARE complex Stabilization

S-guanylation
synaptic vesicle fusion

Other sources
   NADPH oxidase 2
   Mitochondria            

Fig. 5 Protein S-guanylation stabilizes SNARE complex. Synaptosomal-associated protein

25 kDa (SNAP25) is a component of the SNARE complex, which mediates fusion of vesicles

with membranes. Ca2+-dependent activation of neuronal NO synthase (nNOS) produces 8-nitro-

cGMP, and the resulting S-guanylation of SNAP25 at Cys90 enhances the stability of SNARE

complex. This stabilizing effect of the SNARE complex may promote synaptic vesicle fusion
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4 8-Nitro-cGMP in Autophagy Regulation

Voluminous evidence accrued over the past decade clearly indicates that 8-nitro-

cGMP can covalently modify Cys-containing proteins and influence their function.

Recently, autophagy induction was demonstrated to be another major function of

8-nitro-cGMP (Ito et al. 2013; Rawet-Slobodkin and Elazar 2013; Abada and

Elazar 2014).

4.1 8-Nitro-cGMP as an Endogenous Autophagy Inducer

Autophagy is one of the two major cellular degradation systems conserved across

eukaryotes (Fig. 7). A double-membrane vesicle called the autophagosome engulfs

autophagic cargos and subsequently fuses with the lysosome (Mizushima and

Komatsu 2011) for eventual degradation and recycling. In mammals, autophagy

can be monitored by labeling the autophagosomal LC3 protein (homolog of yeast

Atg8). Autophagy is a well-described response to nutrient starvation but is also

induced by other stimuli. Damaged organelles, protein aggregates, and pathogens

can be selectively destroyed by separate autophagic pathways that differ mechanis-

tically from the canonical starvation-induced autophagic pathway.

LPS is a component of bacterial cell membranes and a stimulator of innate

immunity, eliciting a variety of inflammatory responses. LPS also induces

autophagy, and, in this specific case, autophagy was shown to depend on NO and

ROS (Yuan et al. 2009). Because the intracellular 8-nitro-cGMP level is

upregulated by LPS-induced inflammation (Sawa et al. 2007), the involvement of

cGMP

8-nitro-cGMP

Ca2+

SLAC1

8-SH-cGMP

NO

GTP

stomatal
opening

stomatal
closure

Dark

Light

persulfide

Fig. 6 8-Nitro-cGMP in

plants. 8-nitro-cGMP and

cGMP have different effects

on regulation of stomatal

function. 8-Nitro-cGMP

causes stomatal closure,

whereas 8-Br-cGMP, a

widely used membrane

permeable analogue of

cGMP, does not. In the dark,

8-nitro-cGMP does not cause

stomatal opening. SLAC slow

anion channel
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this cGMP analogue in autophagy regulation was examined (Ito et al. 2013).

Indeed, exogenous 8-nitro-cGMP treatment (50–100 μM) increased LC3-positive

puncta in cells suggesting autophagy induction, and no cytotoxicity was observed.

Considering the fact that cGMP does not penetrate cell membranes, the observed

membrane permeability of 8-nitro-cGMP is noteworthy for future research and

possibly for clinical applications.

An initial mechanistic study by Ito et al. demonstrated that 8-nitro-cGMP-

induced autophagy does not employ target of rapamycin (TOR), the master regula-

tor of canonical starvation-induced autophagy. Immunocytochemical analysis

showed that S-guanylated proteins partly co-localized with LC3-positive

autophagosomes, suggesting that 8-nitro-cGMP not only induces autophagy but

also participates in selective clearance of its targets (S-guanylated proteins).

4.2 S-Guanylation as a Tag for Degradation in Antibacterial
Autophagy

In contrast to the nonselective nature of canonical starvation-induced autophagy,

autophagy for the clearance of intracellular pathogens or damaged organelles is

Alzheimer diseaseParkinson’s disease

Infectious diseases Crohn’s diseaseDiabetes mellitus

Cancer

Diseases

• Homeostasis

• Starvation 
response

• Clearance of
Protein aggregates
Damaged organelle
Pathogens

Autophagy

Autophagosome
Isolation 

membrane

Lysosome

Autolysosome

Lysosomal hydrolase

Degradation

Fig. 7 Autophagy suppresses diseases via intracellular degradation. Autophagy is a cellular

degradation system that plays a major role in human health and disease. Autophagosome

surrounds and sequesters cytoplasmic cargos for lysosomal degradation. Autophagy is associated

with suppression of diseases including cancer and neurodegenerative diseases
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considered highly selective. Because bacterial infection elevates the intracellular

formation of 8-nitro-cGMP, the contribution of 8-nitro-cGMP to antibacterial

autophagy was investigated using group A streptococcus (GAS) and murine

macrophages. Autophagic clearance of GAS had previously been described in

HeLa cells (Nakagawa et al. 2004). Invading GAS was efficiently cleared also

from murine macrophages via autophagy, and this process required endogenous

8-nitro-cGMP generation (Ito et al. 2013) (Fig. 8). Exogenous addition of 8-nitro-

cGMP to the culture media further accelerated GAS clearance.

Selective autophagy is currently a field of extensive research, and autophagic

cargo ubiquitination is also attracting attention because many “autophagy adaptors”

have the ability to connect ubiquitinated cargos with LC3 protein on the

autophagosomal membrane. An important question here is how specific autophagic

cargos are recognized and selectively modified by ubiquitin ligases. We observed

the accumulation of S-guanylation in GAS-containing autophagosomes (Fig. 8b).

This S-guanylation of GAS cells was the tag required for subsequent modification

with K63-linked polyubiquitin chains. Thus, S-guanylation is the degradation tag

for antibacterial autophagy of GAS (Ito et al. 2013). Inhibitors of endogenous

8-nitro-cGMP generation could thus suppress the autophagic clearance of the

GAS bacteria. Some of these S-guanylated bacterial proteins were identified by

LC-MS analysis; however, host-derived S-guanylated proteins may also be

involved in GAS recognition in autophagosomes.

As mentioned in previous sections, 8-nitro-cGMP can form in cells even in the

absence of bacterial infection. K63-linked polyubiquitination was also involved in

autophagy induction under these conditions (Ito et al. 2013), suggesting that

Infection
Pattern 
recognition 
receptors

8-Nitro-cGMP
formation

ROS & NO

Inflammation Autophagy
A

B

Selective ubiquitination
of the S-guanylated bacteria

Intracellular bacteria
(GAS)

S-cGMP

S-cGMP
S-cGMP

Ub

S-cGMP

Ub
S-cGMP

Ub

Ub

Degradation 
of bacteria

Ub

Autophagosome-like 
vacuole

Fig. 8 Endogenous 8-nitro-cGMP accelerates selective autophagic clearance of invading group A

streptococcus (GAS). (a) The innate immune system functions to trigger inflammation upon

sensing of conserved microbial structures of invading pathogens. Enhanced formation of

8-nitro-cGMP during inflammation activates autophagy. (b) Ito et al. (2013) reported that accu-

mulation of S-guanylated proteins around bacteria is the tag for subsequent ubiquitination and

clearance. Involvement of the ubiquitin modification has been attracting attention as the degrada-

tion tag, but the correlation of S-guanylation and ubiquitination was demonstrated for the first time.

Ub polyubiquitin chain
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S-guanylation is a general tag for autophagic degradation. However, many unan-

swered questions still exist. For example, can a protein be both S-guanylated and

ubiquitinated? Or can a putative “S-guanylation recognition protein” bind to a S-
guanylated protein and be ubiquitinated? Also, what are the major physiological

substrates of this selective degradation?

Autophagy is believed to suppress a variety of human diseases; therefore,

considerable efforts have been made to identify or create small molecular weight

autophagy regulator (Levine et al. 2015; Rubinsztein et al. 2015). Among known

autophagy inducers, 8-nitro-cGMP is the only compound that induces a selective

degradation of its targets. Moreover, 8-nitro-cGMP is membrane permeable and

resists hydrolysis by phosphodiesterase (Sawa et al. 2007). This nucleotide is thus a

promising lead drug for a clinical activator of autophagy.

5 Preparative Methods of 8-Nitro-cGMP

As of late 2015, 8-nitro-cGMP is not available from commercial sources; therefore,

researchers must prepare this nucleotide for their experiments. 8-Nitro-cGMP is

believed to be generated in vivo via GTP nitration by reactive nitrogen species (e.g.,

peroxynitrate, Sect. 1.1). For preparative purposes in vitro, however, this nitration

reaction is not practical because of its low yield. Instead, commercially available

8-bromo-cGMP (8-Br-cGMP) is used as the starting material, and nitration is

performed with sodium nitrite (NaNO2) (Sawa et al. 2007). In our hands, this

protocol yields an average of 10–20% 8-nitro-cGMP from a 100-mg scale reaction

(Fig. 9). Unfortunately, this method is not easily scalable for more material because

it requires HPLC purification of the product from unreacted 8-Br-cGMP. Thus,

development of alternative, scalable synthetic procedures is in great demand for the

pharmaceutical application of 8-nitro-cGMP in animal models. Organic chemists

are also working on developing chemical tools such as fluorescent probes to study

the functions of 8-nitro-cGMP (Saito et al. 2013; Samanta et al. 2014).

Fig. 9 8-Nitro-cGMP preparation from commercially available 8-bromo-cGMP
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6 Future Problems

6.1 Regulatory Mechanism of Protein S-Guanylation

The majority of 8-nitro-cGMP effects described to date appear to be mediated by

protein S-guanylation. However, no regulatory mechanism has been reported that

governs the spatiotemporal selectivity of the modification. A current explanation

for the selectivity is the cysteine acidity (pKa) of each site within each target

protein. Neighboring amino acid residues are known to affect the acidity. Cysteine

residues with low pKa dissociate to form sulfur anions that are more reactive with

8-nitro-cGMP, at least in vitro. The steric environment of each cysteine residue may

also affect its reactivity.

However, it is unclear whether cysteine acidity alone can confer the requisite

target specificity for intracellular signaling and autophagy regulation; therefore, the

existence of enzymes that catalyze protein S-guanylation is a crucial future issue in
this field.

6.2 Physiological Importance of 8-nitro-cGMP in PKG-Mediated
Signaling Pathways

This chapter has focused on properties unique to the nitrated cGMP. However, it

should be emphasized that like cGMP, 8-nitro-cGMP retains the capacity to

activate PKG (Sawa et al. 2007). According to several studies, endogenous

8-nitro-cGMP levels are similar or even higher under some conditions (e.g.,

infection/inflammation) than cGMP levels (Fujii et al. 2010; Kunieda et al. 2015).

The contribution of 8-nitro-cGMP to PKG-mediated signaling is worthy of further

investigation. The metabolites of 8-nitro-cGMP (8-amino-cGMP and 8-SH-cGMP)

also need to be considered as physiological PKG activators.

7 Concluding Remarks

8-Nitro-cGMP is the most recently discovered endogenous cNMP, and there is

compelling evidence that endogenously produced 8-nitro-cGMP acts as a physio-

logical modulator through the PTM of proteins and possibly also by PKG activa-

tion. It exists not only in mammals but also in higher plants, and the endogenous

concentration often exceeds that of cGMP. This chapter is by no means a compre-

hensive discussion of all known or postulated physiological functions because a

very large number of proteins can be modified by this cNMP. The possible

pharmaceutical application of this nucleotide for a variety of autophagy-related

human disorders, such as neurodegenerative diseases and cancer, is thus a

promising avenue for future research.
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