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One of the main targets of NO in cells is glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which is due to the

presence of a highly reactive cysteine residue in the active center of this protein, as well as to the high content of this

protein in all cells. The main products of GAPDH modification with nitric oxide are S-nitrosylated GAPDH and S-sulfenated

GAPDH (GAPDH-SNO and GAPDH-SOH, respectively). Modification of GAPDH with nitric oxide is of particular interest

due to the fact that it causes the accumulation of GAPDH in the nucleus and induction of apoptosis. According to the most

popular hypothesis, a wide range of apoptotic stimuli augment NO production in the cells, GAPDH is nitrosylated by NO,

which leads to inactivation of the protein and to conformational changes in its molecule. These alterations facilitate the

binding of GAPDH with the E3-ubiquitin-ligase Siah1. Siah1, which possesses a nuclear localization signal (NLS),

translocates GAPDH to the nucleus and stimulates a cascade of apoptotic reactions. However, the molecular mechanisms

of this signaling pathway have not yet been studied in detail. There are no direct data on the selective interaction of the S-

nitrosylated GAPDH with Siah1. It cannot be excluded that any modifications of the catalytic cysteine residue, which are

accompanied by a weakening of interactions between the enzyme and NAD+, lead to a change in the conformation of

GAPDH, and stimulate its binding to some partner proteins—in particular, Siah1.
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1. Introduction

Sulfhydryl groups of cysteine residues can undergo S-nitrosylation to form the corresponding nitrosothiols (Protein-S-NO).

S-nitrosylation is considered to be an important post-translational modification of proteins involved in physiological

regulation based on redox potential . One of the main targets of NO in cells is glyceraldehyde-3-phosphate

dehydrogenase (GAPDH), which is due to the presence of a highly reactive cysteine residue in the active center of this

protein, as well as to the high content of this protein in all cells (5–15% of the total amount of soluble proteins of the

cytoplasm) . Post-translational modifications of GAPDH are of special interest, since they can affect not only the

catalytic activity of the enzyme, but also its numerous moonlighting functions including the induction of apoptosis .

Modifications of GAPDH can influence its interactions with other proteins and RNA, which affect the development of

human disease, tumorigenesis, diabetes, and age-related neurodegenerative disorders .

Studies of the effect of nitric oxide on GAPDH have been taking place for almost half a century, but the mechanisms of

this modification, and its consequences for the vital activity of the cell, are still far from being fully understood. In 1973, it

was first discovered that organic nitrates inhibit the activity of GAPDH and monoamine oxidase—probably due to the

modification of sulfhydryl groups important for catalysis . Later, it was shown that the treatment of GAPDH with

trinitroglycerin resulted in the disappearance of the main dehydrogenase activity with simultaneous development of the

acylphosphatase activity . The authors suggested that this modification was due to the oxidation of the catalytic

cysteine residue to cysteine sulfenic acid. Thus, this study did not suggest the S-nitrosylation of GAPDH, and did not

consider a role of such a modification in the regulation of the enzyme function.

In 1992, three groups of researchers suggested that NO stimulates ADP-ribosylation of GAPDH . Later, it was

proven that the entire NAD  molecule binds to the enzyme. This process is indeed stimulated by nitric oxide, which

nitrosylates the cysteine residue in the active center of GAPDH, leading to the inactivation of the enzyme and the covalent

binding of NAD . However, the inactivation of GAPDH mainly occurs due to S-nitrosylation of the catalytic cysteine

residue, since the covalent inclusion of NAD  does not exceed 0.02 mol NAD  per mol GAPDH monomer . Since then,

it was believed that the product of the modification of GAPDH by NO is GAPDH nitrosylated at the catalytic cysteine

residue (GAPDH-SNO). Recently, it has been shown that the main products of GAPDH modification with nitric oxide are
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S-nitrosylated GAPDH and S-sulfenated GAPDH (GAPDH-SNO and GAPDH-SOH, respectively) . Consequently, S-

nitrosylation of GAPDH results in the oxidation of the catalytic cysteine, yielding the relatively stable cysteine sulfenic acid,

which cannot exclude its further oxidation:

Scheme 1. Relationship between S-

nitrosylation and oxidation of GAPDH.

2. Development of Ideas about the Induction of Apoptosis with the
Participation of GAPDH.

Since the mid-1990s, information has begun to accumulate about the participation of GAPDH in the induction of

apoptosis. It was shown that in various pathologies, this cytoplasmic enzyme accumulated in the nucleus, which

correlated with the induction of apoptosis . This accumulation of GAPDH in the nucleus could be caused by

exposure to nitric oxide, reactive oxygen species, and other compounds . Special attention to the nuclear

translocation of GAPDH was prompted by the relationship of this phenomenon to the development of neurodegenerative

disorders—primarily Parkinson's disease. However, ideas about the mechanism of the translocation of GAPDH into the

nucleus were contradictory. It is well known that GAPDH is a tetrameric protein of 144 kDa localized in the cytoplasm. The

large size of the protein excludes its translocation into the nucleus in the native state. The transport of the GAPDH

tetramer to the nucleus via carrier proteins is impossible, since the enzyme lacks the nuclear localization signal (NLS).

Therefore, the mechanism of GAPDH translocation to the nucleus requires a stage of the dissociation of the S-

nitrosylated, oxidized, or otherwise modified GAPDH tetramer into subunits. In contrast to the tetrameric molecule,

subunits can penetrate into the cell nucleus via passive transport . The assumption of the dissociation of a tetrameric

molecule into subunits upon modification of the catalytic cysteine residue is based on the fact that NAD  is tightly bound in

the active center of GAPDH and exerts a pronounced stabilizing effect on the protein. Oxidation and other modifications of

the catalytic cysteine residue decrease the affinity of NAD  for the protein. Consequently, the release of NAD  from the

active center can induce the dissociation of the tetramer into subunits, and their subsequent movement into the nucleus

(Figure 1). In addition, the oxidized forms of GAPDH have an increased affinity for nucleic acids, the interaction with which

in the nucleus is considered to be one of the mechanisms of apoptosis .

Figure 1. A scheme of apoptosis induced by various modifications of GAPDH. 

In 2006, a new concept was proposed according to which the main link in the NO-induced apoptosis is S-nitrosylation of

GAPDH. According to this idea, a wide range of apoptotic stimuli augment NO production via the induction of inducible

nitric oxide synthase (iNOS), or by the activation of neuronal nitric oxide synthase (nNOS). GAPDH is nitrosylated by NO,

which leads to inactivation of the protein and to conformational changes in its molecule. These alterations facilitate the

binding of GAPDH with the E3-ubiquitin-ligase Siah1. Siah1, which possesses a nuclear localization signal (NLS),

translocates GAPDH to the nucleus and stimulates a cascade of apoptotic reactions (Figure 2) .
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Figure 2. Scheme of NO-induced apoptosis mediated by GAPDH proposed by A. Sawa , with the depiction of the

tetrameric GAPDH structure.

The mechanism by which nuclear GAPDH triggers apoptosis remains unclear. Initially it was assumed that the interaction

with GAPDH results in the stabilization of Siah1, which enables rapid degradation of nuclear proteins, leading to cell death

. According to a later version of this mechanism, nuclear GAPDH is acetylated at Lys 160 by the acetyltransferase

p300/CBP (CREB-binding protein) via direct protein interaction, which, in turn, stimulates the acetylation and catalytic

activity of p300/CBP, activation of the down-stream targets of p300/CBP (such as p53), and cause cell death . One

more mechanism of signal transduction mediated by S-nitrosylated GAPDH was proposed, according to which the nitric

oxide group is transferred from S-nitrosylated GAPDH to nuclear proteins, including the deacetylating enzyme sirtuin-1

(SIRT1), histone deacetylase-2 (HDAC2), and DNA-activated protein kinase (DNA-PK) . Besides, using rat stroke

model, it was shown that nuclear GAPDH binds with poly(ADP-ribose) polymerase-1 (PARP-1), and this complex

promotes PARP-1 overactivation, leading to brain damage and neurological deficits .

3. Induction of Apoptosis by Oxidation and Other Modifications of the
Catalytic Cysteines of GAPDH

Some facts indicate that S-nitrosylation of GAPDH is not the only mechanism for the induction of apoptosis with the

participation of GAPDH. This assumption is confirmed by the observation on the direct induction of apoptosis by hydrogen

peroxide . It cannot be excluded that GAPDH with oxidized sulfhydryl groups moves into the nucleus and causes a

cascade of reactions, leading to apoptosis. It was assumed that the oxidation of cysteine residues leads to a weakening of

NAD  binding in the active center of the enzyme, which results in its dissociation from the active center, decreasing the

stability of the tetrameric molecule. Monomeric subunits of GAPDH of 36 kDa can penetrate into the nucleus due to

passive transport. In the nucleus, further unfolding of subunits and exposure of the nuclear export signal (NES) take

place. Such unfolded GAPDH subunits are transported into the cytoplasm or released from the cells broken during

apoptosis, aggregate, and exert a toxic effect on cells unaffected by apoptosis (Fig. 1).

4. Questions to be Resolved

The induction of apoptosis by NO through a signaling pathway, the key element of which is GAPDH, has been confirmed

in many studies. However, the molecular mechanisms of this signaling pathway have not yet been studied in detail. Some

aspects of the described model of apoptosis remain unclear.

1) There are no direct data on the selective interaction of the S-nitrosylated GAPDH (GAPDH-SNO) with partner proteins.

Most likely, any modifications of the catalytic cysteine residue, which are accompanied by a weakening of interactions

between the enzyme and NAD , lead to a change in the conformation of GAPDH, and stimulate its binding to some

partner proteins—in particular, Siah1.

2) The mechanism of the influence of S-nitrosylation of GAPDH on its ability to interact with Siah1 is unclear. There is no

precise information on the effect of S-nitrosylation on the enzyme structure, or on the necessity of S-nitrosylation of

GAPDH for the implementation of the cascade of processes that induce apoptosis.
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3) There is no direct evidence on the interaction of the GAPDH molecule with Siah1, nor on the enhancement of this

interaction after S-nitrosylation of GAPDH. It remains unclear whether it is a tetrameric GAPDH molecule that is involved

in this signaling pathway, or whether Siah1 interacts with a separate polypeptide chain of GAPDH.
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