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FORUM REVIEW ARTICLE

Protein Transnitrosylation Signaling Networks Contribute
to Inflammaging and Neurodegenerative Disorders

Tomohiro Nakamura,1,i Chang-ki Oh,1 Xu Zhang,1 Steven R. Tannenbaum,2 and Stuart A. Lipton1,3,ii

Abstract

Significance: Physiological concentrations of nitric oxide (NO�) and related reactive nitrogen species (RNS)
mediate multiple signaling pathways in the nervous system. During inflammaging (chronic low-grade inflam-
mation associated with aging) and in neurodegenerative diseases, excessive RNS contribute to synaptic and
neuronal loss. ‘‘NO signaling’’ in both health and disease is largely mediated through protein S-nitrosylation
(SNO), a redox-based posttranslational modification with ‘‘NO’’ (possibly in the form of nitrosonium cation
[NO+]) reacting with cysteine thiol (or, more properly, thiolate anion [R-S-]).
Recent Advances: Emerging evidence suggests that S-nitrosylation occurs predominantly via transnitros(yl)ation.
Mechanistically, the reaction involves thiolate anion, as a nucleophile, performing a reversible nucleophilic
attack on a nitroso nitrogen to form an SNO-protein adduct. Prior studies identified transnitrosylation reactions
between glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-nuclear proteins, thioredoxin-caspase-3, and
X-linked inhibitor of apoptosis (XIAP)-caspase-3. Recently, we discovered that enzymes previously thought to
act in completely disparate biochemical pathways can transnitrosylate one another during inflammaging in an
unexpected manner to mediate neurodegeneration. Accordingly, we reported a concerted tricomponent transni-
trosylation network from Uch-L1-to-Cdk5-to-Drp1 that mediates synaptic damage in Alzheimer’s disease.
Critical Issues: Transnitrosylation represents a critical chemical mechanism for transduction of redox-mediated
events to distinct subsets of proteins. Although thousands of thiol-containing proteins undergo S-nitrosylation,
how transnitrosylation regulates a myriad of neuronal attributes is just now being uncovered. In this review, we
highlight recent progress in the study of the chemical biology of transnitrosylation between proteins as a mech-
anism of disease.
Future Directions: We discuss future areas of study of protein transnitrosylation that link our understanding of
aging, inflammation, and neurodegenerative diseases. Antioxid. Redox Signal. 35, 531–550.

Keywords: S-nitrosylation, transnitrosylation, neurodegenerative diseases, nitric oxide

Introduction

At physiological or basal levels, nitric oxide (NO�)-
related species support many aspects of brain function,

including neuronal development, synaptic plasticity, and neu-
ronal survival. In contrast, mounting evidence suggests that
aged brains, like the rest of body, undergo inflammaging, the
low-grade chronic inflammation associated with advanced age,
in part, characterized by increased levels of reactive oxygen

species and reactive nitrogen species (ROS/RNS), includ-
ing superoxide anion (O2

�-) and NO� (8, 20, 134). This in-
crease in ROS/RNS results in oxidative and nitrosative stress,
contributing to neuropathological processes, such as protein
misfolding, mitochondrial dysfunction, neuroinflammation,
synaptic injury, and neuronal loss.

Notably, cellular synthesis of NO-related species can
lead to activation of multiple cellular signaling pathways,
which modulate numerous pathophysiological responses.
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For example, Snyder and colleagues initially identified NO�

synthase (NOS) in neurons (17, 18). Subsequent studies re-
vealed the presence of three distinct subtypes of NOS,
namely, NOS1 (or neuronal NOS [nNOS]), NOS2 (or in-
ducible NOS [iNOS]), and NOS3 (or endothelial NOS),
catalyzing NO� production from l-arginine (97, 132). The
activity of NOS1 and NOS3 relies on intracellular calcium/
calmodulin levels, whereas induction of NOS2 expression by
inflammatory stimuli produces neurotoxic amounts of NO� in a
calcium-independent manner. Interestingly, while nearly all
eucaryotes can produce NO� from NOS, the roundworm
Caenorhabditis elegans lacks its own NOS. In this case,
bacteria that the worms naturally consume synthesize NO-
related species in the gut flora of the nematode, influencing
thermotolerance and C. elegans life span (51).

Initial studies on the biological effects of NO� identified
cyclic guanosine monophosphate (cGMP) as an important
mediator in eliciting physiological responses, such as smooth
muscle relaxation and anticoagulation (60, 100). Later stud-
ies, however, revealed a ubiquitous, cGMP-independent
mechanism for NO� bioactivity in which an NO-related group
(possibly in the form of nitrosonium cation, NO+) covalently
reacts with a nucleophilic thiol group (i.e., thiolate anion,
RS-) on target proteins to form an S-nitrosothiol. As noted
by Smith and Marletta (148), free NO+ in solution would very
quickly react with water to produce NO2

-, and so the reaction
would have to represent a concerted transfer. In this context,
transition metals, such as copper and iron, present in me-
talloproteins have been proposed to contribute to the for-
mation of S-nitrosothiols via promotion of a one-electron
oxidation of NO�, thereby balancing the electrons in the re-
action mechanism (47, 58, 82). For example, it is possible
that iron could contribute under some conditions because
Fe3+–NO� would possess a significant Fe2+–NO+ character
(148). In addition, another pathway for cellular S-nitrosothiol
formation could involve direct reaction between thiyl radi-
cal (RS�) and NO� radical (158). These and other mecha-
nistic details have been well summarized in a previous
excellent review (148).

Mechanism notwithstanding, this redox-based posttrans-
lational modification (PTM), termed protein S-nitrosylation
(SNO), is now well-recognized as a major contributor to both
the physiological and pathophysiological activities of ‘‘NO’’
(1, 5, 7, 107, 138, 150). Although the field generally uses the
terms protein S-nitrosylation and transnitrosylation (as used
here), because a nitroso group is in general being transferred
(rather than a nitrosyl group, which is formally an NO� rad-
ical), chemically the proper terms are S-nitrosation and
transnitrosation (148). Note that other forms of RNS, such as
peroxynitrite (ONOO-), can induce disulfide bond formation
or nitration of protein tyrosine, forming 3-nitrotyrosine that
can contribute to pathology (61).

Early Work on S-Nitrosothiol Formation That Regulates
Protein Function, Termed Protein S-Nitrosylation

Lipton’s group (86), subsequently in collaboration with
Stamler and colleagues (90), demonstrated that one neuro-
protective mechanism of ‘‘NO signaling’’ involved negative
feedback onto the N-methyl-d-aspartate (NMDA)-type glu-
tamate receptor (NMDAR), which is physically tethered to
nNOS, via S-nitrosylation to inhibit receptor overactivation.

The overall effect is to suppress excitotoxic neuronal
damage. Notably, site-directed mutagenesis studies re-
vealed that S-nitrosylation (SNO) of the NMDAR is pre-
dominantly mediated through reaction with at least five
cysteine (Cys) residues: Cys399 on the GluN2A subunit,
Cys744 and Cys798 on the GluN1 subunit, and Cys87 and
Cys320 on the GluN2A subunit (and potentially with
analogous cysteine residues at positions 79 and 308 on
GluN2B) (31).

Intriguingly, under ambient air conditions, the two pairs
of cysteine residues (i.e., Cys744 and Cys798 on the GluN1
subunit and Cys87 and Cys320 on the GluN2A subunit) can
form either disulfide bonds or free thiols, depending on the
redox microenvironment. Moreover, X-ray crystallographic
studies confirmed the presence of S-nitrosothiol at Cys744/
798 on GluN1 if an ‘‘NO donor’’ was added after reduction of
the disulfide (157). In addition, relative hypoxia, as seen in a
normal brain (15–40 torr), produced a less oxidizing envi-
ronment than ambient air conditions, favoring the presence
of at least some free thiol groups over disulfide formation.
However, during pathological hypoxia (<8–10 torr), the
further increase in free thiol groups at Cys744 and Cys798 on
the GluN1 subunit facilitated a greater degree of reaction
with NO-related species (157). Our electrophysiological re-
cording data showed that conditions favoring S-nitrosothiol
formation at Cys744 and/or Cys798 on the GluN1 subunit sen-
sitized Cys399 on Glu2A to undergo S-nitrosylation. Finally,
structural modeling analysis revealed that the conformational
changes precipitated by S-nitrosylation of GluN2A at Cys399
resulted in enhanced binding of glutamate to the clam-shell-
shaped ligand-binding domain and of Zn2+ to a second clam
shell domain on the NMDAR, leading to receptor desensi-
tization and subsequently closure of the ion channel (91).
Importantly, with the development of the biotin-switch
assay, Snyder and colleagues found that the NMDAR was
S-nitrosylated in intact brain tissue, implying that this reac-
tion occurs in vivo and not merely under artificial tissue
culture or in vitro conditions (63, 64). Hence, S-nitrosylation
of the NMDAR at available free thiols (or more properly,
thiolate anions) is critical for the inhibitory effects of NO-
related species on this receptor, preventing excessive activity
associated with excitotoxicity.

Since the initial discovery of S-nitrosylation of the
NMDAR, it has been speculated that as many as 3000
proteins can be potentially S-nitrosylated (141). Notably,
depending on the target protein or site of modification,
S-nitrosylation can activate or inhibit protein function, and
can contribute to either the neuroprotective or neuro-
toxic effects of NO� in the nervous system. A similar range
of activities has been reported for protein S-nitrosylation
in many other organs, including the circulatory and car-
diovascular systems, kidney, pancreas, lungs, and else-
where. As discussed below, the determinants of selective
and specific S-nitrosothiol formation in an in vivo envi-
ronment are influenced by the cellular localization and
compartmentalization of the target protein, the local redox
milieux, pH, and availability of transition metals, as well
as the presence of an S-nitrosylation motif or partial
motif near the target thiol (59, 107). In this review, we
highlight signaling pathways affecting neuronal function
via protein S-nitrosylation with a focus on protein–protein
transnitrosylation.
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Specificity and Stability of Protein S-Nitrosylation

While a majority of cellular proteins contain multiple
cysteine residues, under certain conditions S-nitrosylation can
occur on specific free thiols/thiolates to form S-nitrosylated
proteins (SNO-proteins) (59, 86, 90, 107, 152). Such selec-
tive S-nitrosylation can be achieved, for example, when tar-
get proteins are located adjacent to the NOS. Close proximity
to the source of NO� production allows exposure of SNO
target proteins to high concentrations of S-nitrosylating spe-
cies, increasing the probability of S-nitrosothiol formation
(107, 148, 152). For example, the direct interaction of nNOS
with the NMDAR via PSD-95 facilitates SNO-NMDAR and
SNO-PSD-95 formation after activation of nNOS by calcium
influx through the NMDAR-associated ion channel (86, 90,
107). Another important cellular attribute that promotes protein
S-nitrosylation is a hydrophobic environment, as seen in lipid
membranes (or possibly within a particular protein structure).
In this case, hydrophobicity is known to increase the stability of
S-nitrosylating species; thus, S-nitrosylation of proteins local-
ized in lipid membranes occurs more efficiently (152).

Another important mechanism implicated in targeting
specific cysteine residue(s) for S-nitrosylation involves the
presence of a consensus acid-base motif near a critical cys-
teine residue (39, 104, 151), although such motifs have been
criticized and other considerations have been shown to be
equally important (148). We and our colleagues initially dis-
covered that charged acidic and/or basic side chains adjacent
to the target cysteine influence thiol pKa and SNO stability,
thereby increasing the susceptibility of the sulfhydryl or
thiolate to form an S-nitrosothiol (151). More recent structure
studies indicated that the acidic or basic residue is generally
located within 8 Å of SNO sites (96). In addition, in some cases,
the acid-base motif contributes to selective S-nitrosylation of
target sites via facilitation of transnitrosylation, for example,
by S-nitrosoglutathione (GSNO, a physiological NO donor);
this probably occurs via increasing protein–protein interac-
tion, as discussed below (96).

The biological effects of S-nitrosylation can be counteracted
by denitrosylation reactions. For example, enzymes such as
thioredoxin (Trx) and Trx-related proteins, protein-disulfide
isomerase (PDI), SNO-CoA reductase, and class III alcohol
dehydrogenase (also known as ADH5 or GSNO reductase
[GSNOR]) have been reported to catalyze the removal of
SNO from target proteins (152), but an effect of GSNOR
directly on S-nitrosylated proteins has been refuted (148).
Moreover, considering catalytic reactions, however, the use
of the words S-nitrosylase and denitrosylase to reflect en-
zymatic action has been used somewhat loosely in the lit-
erature for protein S-nitrosylation and denitrosylation.
Specifically, for enzymatic activity, a catalyst generally
follows Michaelis–Menten kinetics, affects kcat/Km, and
increases the reaction rates over spontaneous reaction rates.
This type of analysis has not been achieved for most proposed
S-nitrosylases or denitrosylases; in fact, initial studies by
Marletta and colleagues may represent the first example
demonstrating catalytic transnitrosation/denitrosation reac-
tions, in this case mediated by Trx (12, 102, 103, 148).

Mechanism notwithstanding, our group and others have
recently discovered that an NO-related species can be trans-
ferred between proteins via protein–protein transnitrosyla-
tion (25, 30, 68, 76, 102, 106, 108, 122, 140). In this reaction,

the donor protein, providing an NO-related moiety to another
protein, is selectively denitrosylated, whereas the recipient
protein, accepting an NO-related group from the donor protein,
is specifically S-nitrosylated. Although further investigations
are required to reveal the precise chemistry behind the protein–
protein transnitrosylation reactions, transnitrosylation has now
been recognized as a major basis for transduction of SNO-
mediated cell signaling pathways, as delineated below (68, 76,
105, 140). It remains to be demonstrated definitively whether
at least some of these transnitrosylation reactions indeed
represent catalytic processes as opposed to a noncatalytic
homogeneous chemical reaction involving thiolate anion, as
a nucleophile, performing a reversible nucleophilic attack on
the nitroso nitrogen to form an SNO-protein adduct.

Protein S-nitrosylation is generally regarded as a labile mod-
ification (146), although SNO can be stabilized via amortization
of electrophilicity in the outer pi molecular orbital by the pres-
ence of a tryptophan or tyrosine ring (91). Some of the patho-
physiological effects following SNO can be sustained through
further oxidation of the same cysteine residue (24, 49). For ex-
ample, S-nitrosylation can lead to more stable disulfide bond
formation between vicinal cysteines (10, 90, 176). In addition,
S-nitrosylation often causes conformational changes to the
target proteins. These alterations in the tertiary structure may
render the same thiol group more susceptible to subsequent
oxidative modification. Accordingly, the remaining free thiol
undergoes facile reaction with ROS, yielding sulfenic acid
adducts (-SOH) or hyperoxidation products such as sulfinic
acid (-SO2H) or irreversible sulfonic acid (-SO3H) (49).

Protein–Protein Transnitrosylation

Under physiological conditions, NO-related species can
react with thiol (or more properly thiolate) containing low-
molecular-weight compounds, such as cysteine and gluta-
thione, leading to the formation of S-nitrosocysteine (CysNO
or SNOC) and GSNO, respectively. SNOC or GSNO then
acts as an endogenous (S)NO donor, if the chemical milieux
and redox potential permit, to produce S-nitrosylated proteins
(59). For mechanistic considerations of the reaction, see
Smith and Marletta (148). Evidence from our laboratory and
others now suggests that protein–protein transnitrosylation
also occurs in a broad range of organisms, including bacteria,
plants, and vertebrates (25, 30, 68, 76, 102, 106, 108, 122,
140). Such transnitrosylation reactions generally require that
the donor and recipient proteins are present in the sample
protein complex, allowing these proteins to remain in close
contact for transnitrosylation. Moreover, in some cases, the
interaction of the two proteins can lead to conformational
changes, possibly affecting the redox potential of the key
cysteine residue(s). In part, the apparent difference in the
redox potentials of the two proteins determines the direction
of ‘‘NO’’ (and electron) transfer. Specifically, during protein–
protein transnitrosylation, a SNO-protein with a higher redox
potential will acquire an electron and donate ‘‘NO’’ as NO+,
while the recipient protein with a lower redox potential will
accept the NO+ group at a cysteine thiolate anion, thus losing
an electron. Accordingly, protein–protein transnitrosylation
can mediate not only selective SNO-formation but also
S-nitrosylation-dependent intracellular signaling pathways.

Chemically, transnitrosylation also represents the reaction
mechanism from some small-molecular-weight ‘‘NO donors’’
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such as nitroprusside to cysteine thiolate, as first shown for
the NMDAR (59, 86, 90, 107, 152). Perhaps the first evi-
dence for protein–protein transnitrosylation was reported for
S-nitrosylated hemoglobin (SNO-Hb) and the anion ex-
changer 1 (AE1) (118). S-Nitrosylation of Hb occurs at
Cys93 of the Hb b chain. In peripheral tissues, the NO group
has been reported to be released from SNO-Hb and exported
out of erythrocytes to trigger blood vessel relaxation, mod-
ulating blood flow to maximize oxygen delivery (70).
Mechanistically, it was reported that the low oxygen envi-
ronment in peripheral tissues induces the binding of SNO-Hb
to the cytoplasmic domain of the membrane protein AE1. The
interaction of Hb and AE1 reportedly initiates transni-
trosylation from Hb to AE1, followed by extracellular lib-
eration of NO� from AE1 localized at the erythrocyte
membrane (118, 149).

Subsequently, several research groups discovered addi-
tional protein–protein transnitrosylation reactions, involving
Trx, caspases, X-linked inhibitor of apoptosis (XIAP), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (14,
76, 102, 108). More recently, studies identified multiprotein
complexes that mediate protein–protein transnitrosylation (68,
140), such as a heterotrimeric protein complex composed of
iNOS, S100A8, and S100A9 in immune cells, and a multi-
protein complex, containing hybrid cluster protein (Hcp) and
nitrate reductase NarGHI, in Escherichia coli. Very recently,
our group demonstrated that S-nitrosylated ubiquitin carboxy-
terminal hydrolase L1 (Uch-L1) activates a transnitrosylation
network involving Cdk5 and dynamin-related protein 1 (Drp1)
(106). In summary, transnitrosylation has emerged as an
important mechanism to transduce S-nitrosylation-dependent
signaling. Accordingly, we review here our current under-
standing of protein–protein transnitrosylation reactions in
physiological and pathophysiological processes in the ner-
vous system.

Transnitrosylation Involving Trx and Trx-Related
Proteins

Trx1 is a 12 kDa globular protein ubiquitously expressed
essentially in all living cells (88). Trx was first isolated and
characterized from E. coli as an electron donor for ribonu-
cleotide reductase (RNR), the rate-limiting enzyme in DNA
synthesis (83). Two Trx proteins exist in mammalian cells:
Trx1 in the cytosol and Trx2 in mitochondria. Mice with
homozygous knockout (KO) of Trx1 or Trx2 genes show
early embryonic lethality, consistent with the notion that Trx
activity is critical for cell survival (99).

Both Trx1 and Trx2 belong to the Trx superfamily, fea-
turing the well-known Trx fold, consisting of a central core of
five b-strands surrounded by four a-helices (42). Five Cys
residues are present in human Trx1, including two cysteine
residues at the highly conserved active site (-Trp-Cys-Gly-
Pro-Cys-). Besides the active-site cysteines, three additional
cysteines (Cys62, Cys69, and Cys73) exist in Trx1. Cys62
and Cys69 can form an intramolecular disulfide bond in re-
sponse to oxidative stress (56, 170), whereas Cys73 pro-
trudes from the surface and contributes to intermolecular
disulfide bond formation, including homodimerization of
Trx1 (126, 172).

Trx proteins are major protein disulfide oxidoreductases in
mammalian cells. Besides RNR, substrates for Trx proteins

include methionine sulfoxide reductase and peroxiredoxins
(Prx). In the case of Prx, a typical 2-Cys Prx functions as a
homodimer, reacting with and thus removing excess H2O2

and thereby regulating intracellular redox status (22, 128).
Mechanistically, the N-terminal active-site Cys in one of
the subunits is easily oxidized by H2O2 to sulfenic acid (Cys-
SOH), which then reacts with the C-terminal Cys of the other
subunit to generate a disulfide bond. The disulfide bridge can
be reduced by Trx proteins through a disulfide exchange mech-
anism. The resulting oxidized Trx can then be reduced by Trx
reductase (TrxR), with NADPH as the ultimate electron do-
nor for the system (94). Accordingly, the Trx/Prx protein
cascade represents a critical antioxidant enzyme system in
mammalian cells.

Under certain conditions, Trx proteins have also been re-
ported to catalyze denitrosylation of both low-molecular-
weight thiol and protein thiol groups (153, 178). In addition
to Trx proteins, several enzymes have been shown to catab-
olize GSNO, including alcohol dehydrogenase class III (ADH,
also known as GSNOR), carbonyl reductase, PDI, glutar-
edoxin (Grx), TrxR, and Trx-related proteins such as TRP-14
(66, 109, 114, 127, 147). Among these, PDI, Grx, Trx, and
Trx-related proteins all belong to the Trx-fold superfam-
ily, comprised a Trx-fold and CXXC active-site motif, ar-
guing that this structure is important and effective in thiol
denitrosylation.

Trx proteins can also directly denitrosylate other pro-
tein S-nitrosothiols, the most well-studied case being S-
nityrosylated caspase-3. Caspase-3 belongs to a family of
cysteinyl aspartate-specific proteases that serve as central
regulators of apoptosis (46). Caspase-3 and other caspases are
synthesized as inactive procaspases, which are cleaved and
activated in response to apoptotic signals either from mito-
chondrial (intrinsic pathway) or extracellular (extrinsic path-
way) stimuli. Both of these apoptotic pathways converge
on caspase-3 (34). NO-related species can S-nitrosylate
procaspase-3 at its active-site cysteine (Cys163) to inhibit its
activity, and thereby protect the cell from apoptosis (Fig. 1A)
(95, 101, 131, 159). Interestingly, studies also showed that
activation of the cell surface death receptor Fas stimu-
lates caspase-3 activity not only because of the cleavage of
caspase-3 but also via selective denitrosylation of the cleaved
form of caspase-3 (95). These findings suggest that protein
S-nitrosylation and denitrosylation play important regulatory
roles in apoptotic signaling.

Subsequent studies showed that both Trx1 and Trx2 fa-
cilitate denitrosylation of caspase-3 in specific cellular en-
vironments. For example, under some conditions, Trx1
appears to actively denitrosylate cytosolic caspase-3, main-
taining low levels of S-nitrosylated caspase-3. Upon stimu-
lation of Fas, Trx2-mediated denitrosylation of caspase-3
takes place possibly at the mitochondrial outer membrane.
This denitrosylation of mitochondria-associated caspase-3
contributes to caspase-3 activation (Fig. 1B) (14). Con-
sidering the fact that Trx2 contains Cys only at the active site,
this active-site cysteine most likely participiates in the de-
nitrosylation reaction. Two possible mechanisms have been
proposed for the reaction. The first mechanism involves the
formation of an intermolecular disulfide bond between Cys32
of Trx1 and the active-site cysteine of caspase-3 (Cys163),
leading to the release of NO�. Subsequently, Cys35 of Trx1
attacks the intermolecular disulfide bond and forms a new
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intramolecular disulfide within Trx1, releasing free caspase-
3. An alternative pathway starts with transnitrosylation from
Cys163 of caspase-3 to Cys32 of Trx1, which results in SNO-
free caspase-3 and S-nitrosylated Trx1 (153). Given that
S-nitrsoylation of vicinal cysteines can facilitate disulfide
formation, this reaction on Trx1 is followed by formation of
an intramolecular disulfide bond between Cys32 and Cys35
on Trx1 with concomitant release of NO�. Interestingly,
caspase-3 can also serve as the (S)NO donor for other pro-
teins such as XIAP via transnitrosylation (108). This reaction
is discussed in detail later in this review.

Trx1 can reportedly also be S-nitrosylated at its nonactive-
site cysteines, including Cys62, Cys69, and Cys73 (12, 52, 56,
171). A mass spectrometry (MS) study using HeLa cells re-
vealed that S-nitrosylation of Trx1(Cys73) occurs only when its
two active-site cysteine residues are in disulfide form (177).
Another study using recombinant Trx1 showed that incubation
of fully reduced Trx1 with GSNO leads to S-nitrosylation at
Cys69 and Cys73 as well as disulfide bond formation between
the active-site cysteines (56). Tannenbaum and Marletta further
showed that SNO-Trx formation depends on the redox state of
the active-site cysteines (Fig. 1A) (12). Specifically, when the
Trx1 active site is oxidized, S-nitrosylation occurs primarily at
Cys73, with a secondary SNO site at Cys69, whereas fully
reduced Trx1 is selectively S-nitrosylated at Cys62. Consider-
ing the fact that under physiological conditions most Trx1
cysteine residues appear to be in reduced form and that oxida-
tive/nitrosative stress increases oxidation of Trx1 (170), SNO-
Trx1 may regulate separate signaling pathways under different
cellular redox environments.

Notably, Trx1 nitrosylated at Cys62 or Cys73 can partic-
ipate in additional transnitrosylatyion reactions. Thus, unlike
active-site Trx1 Cys, SNO-Cys62 or SNO-Cys73 has been
shown to S-nitrosylate other substrate proteins (12, 102, 103).
An MS approach identified *40 such proteins. These sub-
strate proteins include Prx1, caspase-3, thioredoxin interacting
protein (TXNIP), and heat shock protein 90-b (HSP90-b)
(177). Among these possible targets, the transnitrosylation
reaction from Trx1(SNO-Cys73) to caspase-3 is the best
characterized to date, and has been shown to occur at the
caspase-3 active-site cysteine (Cys163) both in vitro and in
intact cells (102, 103).

In addition, using a biochemical assay for caspase-3
activity, Marletta’s group has demonstrated that the rate con-
stant (kcat) for SNO-caspase-3 formation from Trx1(SNO-
Cys73) is 120-fold faster than from GSNO, consistent with
the notion that Trx1(SNO-Cys73) acts as an enzymatic trans-
nitrosylase toward caspase-3 (102, 103). Although NO can be
transferred back to Trx1 from SNO-caspase-3, the rate of
SNO-caspase-3 denitrosylation/reactivation proceeds at a
much slower rate under the conditions studied, suggesting
that the S-nitrosothiol is more stable on the active-site cys-
teine of caspase-3 (Cys163) due to its greater nucleophilicity.

Transnitrosylase and denitrosylase activities of Trx proteins
have also been found in lower organisms such as the mushroom
Inonotus obliquus (189). Similar to human Trx1, the nonactive-
site cysteine of mushrorom Trx can mediate transnitrosylation
reactions. Three isoforms of Trx are present in I. obliquus:
Trx1–Trx3. Both Trx1 and Trx3 have an extra nonactive-site
cysteine and exhibit the ability to transnitrosylate GSNOR in

FIG. 1. Trx mediates protein transnitrosylation and denitrosylation reactions. (A) Trx that is oxidized or reduced at
its active site catalyzes transnitrosylation reactions through the nonactive-site cysteine Cys62 or Cys73. Under nitrosative
conditions, Trx is S-nitrosylated at Cys62 or Cys73, which in turn can serve as an ‘‘NO donor’’ to transnitrosylate a thiol/
thiolate group in other proteins such as caspase-3 and Trx itself. (B) Trx can also catalyze the transnitrosylation and
denitrosylation of the same protein, such as caspase-3, although the forward rate reaction for S-nitrosylation has been
reported to predominate (102, 103). Trx-mediated denitrosylation of the active-site cysteine of caspase-3 promotes acti-
vation of caspase-3, and thus it is proapoptotic. Transnitrosylation of the same cysteine of caspase-3 by Trx (Cys73) is
antiapoptotic because it attenuates caspase-3 activation. Trx, thioredoxin.
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the mushroom. In contrast, mushroom Trx2 only has the
active-site cysteine and lacks transnitrosylation activity to-
ward GSNOR. Hence, these studies showed the impor-
tance of the nonactive-site cysteine of Trx proteins in
transnitrosylation reactions. Further studies are warranted to
elucidate the role of Trx transnitrosylate activity in the
mammalian nervous system.

PDI is another member of the Trx-fold superfamily that can
chemically reduce both low-molecular mass, thiol-containing
molecules (e.g., GSNO) and protein S-nitrosothiols (123, 147,
183). PDI was initially identified in the lumen of the endo-
plasmic reticulum, where it functions as a molecular chaper-
one and a disulfide isomerase to assist nascent protein folding.
Although at lower levels, PDI was subsequently found in
other cellular compartments, such as the cytosol and on the
external surface of the cell membrane (4). The latter cell sur-
face PDI (csPDI) has drawn special attention in SNO signaling.
For example, csPDI denitrosylates extracellular GSNO as
well as S-nitrosylated proteins (e.g., serum albumin)
through a mechanism involving the active-site cysteines of
PDI. NO-related species thus accumulated at the membrane
may react with O2 to produce the nitrosylating agent N2O3;
this schema has been proposed to transduce the biological
effects of NO-related species into the intracellular com-
partment (123, 130, 183). Intriguingly SNO-PDI formed in
erythrocytes has been reported to facilitate the efflux of
S-nitrosothiols into the blood and the eventual transfer
of SNO to endothelial cells, inducing vasodilation (72).
Hence, PDI is involved in both cellular release and entry of
NO-related species.

In addition, our group has shown that aberrant
S-nitrosylation of PDI occurs in human brains in several
neurodegenerative disorders, including Alzheimer’s disease
(AD), Parkinson’s disease (PD), and amyotrophic lateral scle-
rosis (ALS). The SNO-PDI thus formed abrogates the normal
protein-folding activity of PDI, thus contributing to protein
misfolding and the consequent neuronal damage in these
neurodegenerative diseases (67, 165).

Transnitrosylation of XIAP by Caspases

Caspases involved in apoptosis are classified into initia-
tor caspases (caspases-8, -9, and -10) and effector caspases
(caspase-3, -6, and -7). During normal embryogenesis, the
basal activity of caspases is essential for neurodevelopment;
in contrast, excessively activated caspases contribute to neu-
ronal loss in neurodegenerative diseases (37, 46, 108). Acti-
vation of the intrinsic apoptotic pathway typically involves a
two-step mechanism in which the initiator caspase-9 is activated
via dimerization at the apoptosome after which it processes
executioner caspase-3 and caspase-7 for activation. In opposi-
tion to this mechanism of cell death, inhibitor of apoptosis
proteins (IAPs) block the apoptotic events through direct inter-
action with caspases. For example, XIAP, thought to be the most
potent IAP, binds to caspase-3, caspase-7, and caspase-9 through
its baculovirus IAP repeat (BIR) domains and their flanking
regions, suppressing the proteolytic activity of caspases.
Specifically, a flanking region near the BIR2 domain selec-
tively targets active caspase-3 and caspase-7, whereas the
activity of capsase-9 is inhibited via the BIR3 domain of
XIAP (37, 145). In addition, the RING finger domain in XIAP
is responsible for ubiquitin E3 ligase activity toward caspases,

further decreasing caspase activity via proteasomal degra-
dation of caspases.

Our group has demonstrated that the excessive production of
NO that occurs in neurodegenerative disorders contributes, in
part, to apoptotic neuronal loss via S-nitrosylation
of XIAP (forming SNO-XIAP) (108, 164). Mechanistically,
S-nitrosylation of XIAP occurs at a Cys in the RING domain that
perturbs its conformation. This in turn leads to a decrease in E3
ligase activity and thus accumulation of active caspases. Sup-
porting the premise that S-nitrosylated XIAP contributes to
caspase-dependent neuronal loss, expression of non-
nitrosylatable mutant XIAP protected neurons from NMDA-
induced excitotoxicity (108). In addition, our groups and others
have demonstrated that many other RING-type ubiquitin E3
ligases (e.g., parkin, cIAP1, CHIP, and RNF213) are targets of
S-nitrosylation (6, 32, 92, 112, 129, 155, 182, 184), sug-
gesting that S-nitrosylation could widely affect this type of
enzyme in both PD and tauopathy models. For example,
S-nitrosylation of the E3 ligase RNF213 leads to increased
levels of NFAT-1 and FILAMIN-A, which amplify non-
canonical Wnt/Ca2+ signaling and contributes to pathology in
the P301S mouse model of tauopathy (6).

While SNO-XIAP exhibits proapoptotic properties, NO� is
also known to show neuroprotective activity, in part, via
S-nitrosylation-mediated inhibition of caspases (14, 95, 159).
Upon activation of cell death cascades, selective denitrosylation
of caspases removes SNO-mediated inhibition of the caspa-
ses (95, 159). Along these lines, we found that S-nitrosylated
caspase-3 can transnitrosylate XIAP. In this context, the transfer
of an NO-related group from caspase-3 to XIAP represents a
proapoptotic event for two reasons. This transnitrosylation re-
sults in denitrosylation of caspase-3, thus restoring caspase-3
activity, and S-nitrosylation of XIAP, effectively decreasing its
antiapoptotic activity (Fig. 2). As additional evidence for this
pathway, transnitrosylation does not occur from caspase-3 to an
XIAP mutant that lacks the ability to bind to caspase-3, con-
sistent with the notion that transnitrosylation from caspase-3 to
XIAP requires direct interaction of the two enzymes.

Furthermore, we devised a quantitative method based on the
Nernst equation to assess redox immunoblots to determine if
the transnitrosylation reaction is thermodynamically favored,
assuming the reaction goes to steady state, as might be ex-
pected in a chronic disease. The Nernst equation quantifies the
net electromotive force for electron movement between a re-
dox pair, in this case the oxidized (or S-nitrosylated) and re-
duced forms of the proteins, as quantified on the immunoblots,
involved in the reaction. This allows us to calculate the asso-
ciated Gibbs free energy associated with the reaction, and we
thus found that transnitrosylation from caspase-3 to XIAP is
the favored direction of this chemical reaction (rather than
transferring NO from XIAP to caspase-3). In addition, we
found evidence from biotin-switch assays for SNO-XIAP in
human postmortem brains from patients with AD, Lewy body
dementia (LBD), and Huntington’s disease (HD). Collec-
tively, these findings are consistent with the notion that transfer
of NO-related species from caspase-3 to XIAP takes place
in vivo in these neurodegenerative diseases (108).

Similar to these results with caspase-3, Zhang and col-
leagues recently showed that transnitrosylation from caspase-9
to XIAP occurs in models of cerebral ischemia (186). As
support for transnitrosylation from caspase-9 to XIAP in vivo,
the group found that cerebral ischemia/reperfusion causes
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S-nitrosylation of XIAP and denitrosylation of (pro-)caspase-9
simultaneously. In addition, inhibiting caspase-9/XIAP com-
plex formation using pharmacological approaches, prevented
ischemia/reperfusion from increasing SNO-XIAP and decreas-
ing SNO-caspase-9 levels. Thus, these findings are consistent
with the concept that direct association of caspase-9 and
XIAP triggers transnitrosylation between these two proteins.
Notably, Trx activity appeared to augment SNO-XIAP for-
mation after ischemia/reperfusion, although additional studies
will be needed to determine how Trx facilitates the transfer of
NO-related species from caspase-9 to XIAP. Another open
question concerns the fact that despite evidence for simulta-
neous denitrosylation of procaspase-9 and S-nitrosylation of
XIAP, XIAP only binds to the processed (cleaved) form of
capase-9. Hence, further studies will be required to charac-
terize the role of XIAP in procaspase-9 denitrosylation. One
possibility is that an as-yet unknown third protein participates
in transnitrosylation from caspase-9 to XIAP. In addition,
since both SNO-caspase-3 and SNO-caspase-9 are capable of
transnitrosylating XIAP, it will be important to test if SNO-
caspase-7 can also transnitrosylate XIAP.

GAPDH-Mediated Transnitrosylation

GAPDH was initially discovered as a metabolic enzyme in
the glycolysis cascade but then turned out to be a multitasking

protein (163). For example, GAPDH is known to regulate
gene expression and cell death pathways, in part, via for-
mation of SNO-GAPDH (54, 76). Depending on the stimulus,
S-nitrosylation of GAPDH can occur at different cysteine
residues. In particular, lipopolysaccharide and other apo-
ptotic stimuli induce S-nitrosylation of GAPDH at its active-
site cysteine (Cys152 in human and Cys150 in mouse and
rat). In contrast, oxidatively modified low-density lipopro-
tein (LDLox) plus interferon (IFN)-c induce SNO-GAPDH
at Cys247 (69). As would be expected, S-nitrosylation of
GAPDH at the active-site cysteine abolishes its enzyme ac-
tivity (54), while formation of GAPDH (SNO-Cys247) en-
hances proteasomal degradation of ribosomal protein L13a,
leading to defective translation (69).

Moreover, although GAPDH itself does not contain a nu-
clear localization signal (NLS), S-nitrosylation of GAPDH at
the active site promotes its binding to the E3 ubiquitin ligase
Siah1, which possesses an NLS. This binding partner thus
allows SNO-GAPDH to translocate into the nucleus in a
SNO-GAPDH/Siah1 complex, contributing to signaling path-
ways associated with various cellular functions, including
dendritic outgrowth and neuronal cell death (133). Siah1 has
a wide range of substrates in the nucleus (Fig. 3). However,
the high turnover rate of Siah1 restricts its enzymatic function
in the nucleus. Binding to GAPDH slows the Siah1 turnover
rate, thus accelerating degradation of its nuclear targets (54).

FIG. 2. SNO-Caspase-mediated transnitrosylation of XIAP contributes to caspase-dependent cell death. Through
direct binding to caspases, XIAP antagonizes caspase activity. XIAP also serves as a ubiquitin E3 ligase that targets
caspases for proteasomal degradation. Several caspases are known to be S-nitrosylated under basal conditions, inhibiting
their proapoptotic protease activity. However, during apoptotic cell death, transnitrosylation from constitutively
S-nitrosylated caspases (e.g., caspase-3 and caspase-9) to XIAP occurs. The resulting formation of S-nitrosylated XIAP
(forming SNO-XIAP) at a cysteine residue in the RING domain decreases XIAP ubiquitination activity. This diminishes
caspase degradation, leading to an increase in caspase activity, thus promoting caspase-dependent neuronal cell death. SNO,
S-nitrosylation; XIAP, X-linked inhibitor of apoptosis.

FIG. 3. GAPDH-mediated transni-
trosylation. S-Nitrosylation of GAPDH
promotes its binding to Siah1, facilitat-
ing translocation into the nucleus as a
SNO-GAPDH/Siah1 complex. Complex
formation stabilizes Siah1 protein, thus
enhancing degradation of its nuclear tar-
gets. SNO-GAPDH can also bind and
activate p300/CBP in the nucleus.
Moreover, SNO-GAPDH can mediate
transnitrosylation of other nuclear pro-
teins, such as SIRT1, HDAC2, and
DNAPK, altering their function. DNAPK,
DNA-activated protein kinase; GAPDH,
glyceraldehyde-3-phosphate dehydroge-
nase; HDAC2, histone deacetylase 2;
SIRT1, sirtuin 1.
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As a consequence, Siah1-mediated degradation of histone-
methylating enzyme suppressor of variegation 3–9 homo-
logue 1 (SUV39H1) is increased, leading to a decrease in
methylation of lysine 9 on histone H3 and promoting den-
dritic outgrowth (133). Apart from stabilizing Siah1,
GAPDH can also bind p300/CBP (CREB binding protein) in
the nucleus to facilitate expression of p300/CBP target genes,
such as p53, thereby promoting cell death (135).

In addition, SNO-GAPDH facilitates protein–protein trans-
nitrosylation in the nucleus. Transnitrosylation targets of
GAPDH include deacetylating enzyme sirtuin 1 (SIRT1), his-
tone deacetylase 2 (HDAC2), DNA activated protein kinase
(DNAPK), and B23/nucleophosmin (Fig. 3) (76, 85). In fact,
GAPDH has proven to be a better NO donor toward SIRT1 than
GSNO. S-Nitrosylation of SIRT1 abrogates its deacetylation
activity, leading to increased acetylation of PGC1a and thus a
decrease in its transcriptional activity (76). Moreover, SNO-
GAPDH-dependent inactivation of SIRT1 facilitates patholog-
ical acetylation of tau, possibly contributing to tau aggregation
in AD (136). Since SNO-GAPDH formation has been found in
models of other neurodegenerative diseases (e.g., PD and
HD), the potential pathophysiological role of SNO-GAPDH-
mediated transnitrosylation in these and other neurological
conditions remains to be explored.

In addition to its role in the nucleus, SNO-GAPDH appears
to mediate protein–protein transnitrosylation in mitochondria
(75). In this case, SNO-GAPDH enters the mitochondrial ma-
trix, possibly due to its putative mitochondrial import sequ-
ence, thus increasing S-nitrosylation of mitochondrial proteins
such as HSP60 and VDAC1 through transnitrosylation re-
actions. Further studies are needed to examine how SNO-
GAPDH-initiated mitochondrial transnitrosylation might
regulate mitochondrial function.

Transnitrosylation from SNO-DJ-1 to Phosphatase
and Tensin Homologue

Deletion or mutation of the DJ-1 (PARK7) gene has been
linked to familial autosomal recessive early-onset PD and in
rare cases adult PD (16). In addition, virtually all postmortem
brains with sporadic PD or AD that have been studied to date
contain excessively oxidized or S-nitrosylated DJ-1, which
disrupts its neuroprotective action (9, 29). DJ-1 appears to be
a multifunctional neuroprotective protein, but its exact mech-
anism(s) of action remains unclear (9, 15). The most well-
characterized function of DJ-1 is its antioxidative property
mediated by three redox-sensitive cysteine residues (Cys46,
Cys53, and Cys106) (21, 143, 190). Of these three cysteine
residues, Cys106 is most sensitive to oxidation, often forming
a cysteine sulfinic acid (SO2H) (21, 120, 175). Moreover,
Cys106 can be further oxidized to sulfonic acid (SO3H), ir-
reversibly inactivating DJ-1 activity (190). Supporting this
notion, mutation of Cys106 abolishes the antioxidant prop-
erties of DJ-1 (21, 156). In addition, while Cys46 and Cys53
of DJ-1 are susceptible to S-nitrosylation by artificially high
concentrations of ‘‘NO donor’’ (>0.25 mM GSNO) in vitro
and in cell-based systems (62), our group found that only
Cys106 is S-nitrosylated under physiological conditions. Spe-
cifically, increasing endogenous NO via nNOS activation or
the addition of low concentrations of ‘‘NO donor’’ (£25 lM
SNOC) produced S-nitrosylation only at DJ-1(C106) (30).
Moreover, when we and our colleagues solved the crystal

structure of DJ-1 at a 1.5 Å resolution/pH 4.6 in the presence
of NO, the predominant S-nitrosylation site was at Cys106
(30). Taken together, these findings are consistent with the
notion that S-nitrosylation of DJ-1 occurs predominantly at
Cys106 (30).

In addition, our group previously found that phosphatase
and tensin homologue (PTEN) is S-nitrosylated by endoge-
nous NO after activation of nNOS or in response to low
concentrations of exogenous NO donor (£25 lM SNOC).
S-Nitrosylation of PTEN decreases its phosphatase activity
(79, 110). PTEN is a well-known tumor suppressor that is
mutated in many forms of cancer (87), negatively regulating
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)
activity. In the central nervous system (CNS), PTEN activity
is critical for diverse functions such as neuronal differentia-
tion and synaptogenesis (11, 48, 81), neuronal plasticity (23),
and axonal branching (41, 116). PTEN activity is regu-
lated by several PTMs, including phosphorylation, oxidation,
and S-nitrosylation. For example, phosphorylation at the
C-terminal tail region of PTEN (i.e., Ser380, Thr382, or
Thr383) decreases its phosphatase activity (162, 167). In ad-
dition, oxidation of PTEN at Cys124 inactivates its inhibi-
tory functions through formation of an intramolecular
disulfide bond between Cys71 and Cys124 (80). Formation of
this disulfide results in activation of the PI3K/Akt signaling
pathway (179). We and our colleagues found that PTEN can
be S-nitrosylated, predominantly at Cys83, but in some cir-
cumstances also at Cys71 and Cys124 (79, 110). By mutat-
ing these cysteine residues, the resulting non-nitrosylatable
PTEN mutant completely abolished S-nitrosothiol forma-
tion and polyubiquitination of PTEN, suggesting that deg-
radation of PTEN is at least, in part, dependent on its
S-nitrosylation (79, 110). Increased levels of SNO-PTEN have
been observed not only in human postmortem brains with AD
and PD but also in the penumbra of ischemic mouse brains,
outside of the region of maximal damage. One possibility is
that SNO-PTEN may represent an early neuroprotective event
in the disease process, activating the PI3K/Akt signaling
pathway to promote neuronal cell survival (79, 110, 119).

Prior evidence had suggested that DJ-1 inhibits enzy-
matic activity of PTEN via direct binding to PTEN (3, 73,
181). Since we had found that both DJ-1 and PTEN were
S-nitrosylated under physiological conditions, we postula-
ted that DJ-1(SNO-Cys106) might transnitrosylate PTEN
(Fig. 4). We subsequently found considerable evidence for
this hypothesis. For example, knockdown of cytosolic DJ-1
decreases SNO-PTEN formation and thereby increases PTEN
enzymatic activity, consistent with the notion that trans-
nitrosylation proceeds from DJ-1 to PTEN in intact cells
(30, 105). SNO-DJ-1-mediated transnitrosylation of PTEN
would thus stimulate the prosurvival of PI3K/Akt signal-
ing pathway (79, 110). Recently, another group reported
that SNO-DJ-1 also mediates S-nitrosylation of parkin,
which maintains mitochondrial function and integrity to
protect neurons from cell death (113). These authors found
that S-nitrosylation of parkin is impaired in DJ-1 KO cells,
whereas overexpression of wild-type DJ-1, but not mutant
DJ-1(C106S), preserves SNO-parkin levels in DJ-1 KO cells.
While these results are consistent with the notion that parkin
might be a target for transnitrosylation by SNO-DJ-1 (113),
further work will be needed to determine if this is indeed a
direct reaction.
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Transnitrosylation of Drp1 by SNO-Cdk5

Cdk5, a member of the cyclin-dependent kinase (Cdk)
family, is a neuronal specific kinase and has emerged as a
crucial regulator of cell survival, axonal guidance, neuronal
migration, and synaptic density (74, 180, 188). The kinase
activity of Cdk5 is dictated by its temporal and spatial ex-
pression as well as the intracellular localization of Cdk5
regulators, such as p39, p35, and p25 (the cleaved form of
p35) (38, 187). Dysregulated Cdk5 kinase activity contrib-
utes to the pathology of several neurodegenerative diseases,
including AD, PD, ALS, and HD (115, 117, 121).

Emerging evidence demonstrates that S-nitrosylation of
Cdk5 occurs at Cys83 and Cys157 (44, 122, 188) and that
S-nitrosylation increases Cdk5 kinase activity (122). Argu-
ably the best correlate to cognitive decline in human with AD
is the degree of synaptic loss in the brain (160), and Cdk5 is
known to regulate the synaptic number and excitatory syn-
aptic transmission (45, 74). Along these lines, our group
observed significantly greater levels of SNO-Cdk5 in human
postmortem AD brains compared with control brains.
Moreover, we showed that SNO-Cdk5 contributes to amyloid
b (Ab)- or NMDAR-mediated dendritic spine loss, which is
rescued by expression of non-nitrosylatable mutant Cdk5
(122). These findings are consistent with the notion that in-
creased Cdk5 kinase activity via aberrant S-nitrosylation may
be a critical mechanism of cognitive impairment in AD. In
many neurodegenerative diseases including AD, mitochon-
drial dysfunction, with consequent bioenergetic compromise
and synaptic loss, contributes to cognitive dysfunction (57,
125). Aberrant Cdk5 activity is associated with mitochon-
drial dysfunction (154, 173), suggesting that SNO-Cdk5-
dependent synaptic loss may be mediated through mito-
chondrial abnormalities.

Mitochondria are dynamic organelles consistently under-
going fusion and fission throughout the cell. These mito-
chondrial dynamics are important for both mitochondrial
inheritance and the maintenance of mitochondrial function
(174). Dysfunction in mitochondrial dynamics is implicated
in age-associated neurodegenerative diseases (2, 36, 84, 169,
191). Among the mitochondrial fusion/fission-regulating pro-
teins, our group discovered that Drp1, which encodes a
dynamin-like GTPase and facilitates mitochondrial fission, is
S-nitrosylated at Cys644 in human AD brains (27). In healthy

neurons, mitochondria display an elongated filamentous
morphology along its neurites, whereas fragmented mito-
chondria are observed in neurons exposed to Ab oligomers,
which are known to induce nitrosative stress. In this context,
NO contributes to increased mitochondrial fission via up-
regulation of Drp1 GTPase activity (13). Dimerization/
oligomerization of Drp1 is known to enhance its GTPase
activity. Taking these findings into account, we found
that S-nitrosylation increases both Drp1 dimerization and
GTPase activity, resulting in excessive mitochondrial frag-
mentation and cristae damage. This results in bioenergetic
compromise and synaptic loss. In contrast, expression of non-
nitrosylatable mutant Drp1(C644S) prevents Ab-induced mi-
tochondrial fragmentation and synaptic loss (27). These find-
ings support the notion that SNO-Drp1 manifests excessive
GTPase activity, inducing abnormal mitochondrial frag-
mentation, compromising bioenergetics, and thereby im-
pairing synaptic structure and function in AD.

Emerging evidence suggests that Cdk5 directly regulates
Drp1 activity and thus mitochondrial dynamics, and various
mechanisms of action for this have been suggested, including
PTM, for example, phosphorylation and S-nitrosylation (2,
26, 50, 65, 122). Interestingly, our group demonstrated that
transfer of an NO group from SNO-Cdk5 to Drp1 via transni-
trosylation contributes to NMDA/Ab-mediated synaptic spine
loss. Moreover, this transnitrosylation reaction is thermody-
namically favored in the intact cells (105). Although we and
others also found that SNO-Cdk5 can potentially phosphor-
ylate Drp1 (50, 65), Ab-mediated synaptic loss was signifi-
cantly rescued by NOS inhibitors, non-nitrosylatable mutant
Drp1 (27), or non-nitrosylatable mutant Cdk5 (122). These
findings support the notion that transnitrosylation of Drp1
by SNO-Cdk5 might be the predominant neuropathologi-
cal event leading to mitochondrial dysfunction during the
pathogenesis of AD. In the next section, we consider recent
discoveries elucidating the upstream events leading to Cdk5-
to-Drp1 transnitrosylation in AD.

Multitransnitrosylation Cascade from Uch-L1
to Cdk1 to Drp1

Uch-L1 is one of the most abundant proteins in the brain
(1%–2% of the total soluble proteins) and has been character-
ized as a deubiquitinating enzyme (142). Uch-L1 dysfunction
is associated with neurodegenerative diseases. For example,
downregulation, redox-dependent PTMs, and genetic muta-
tions of Uch-L1 have all been observed in human AD and
PD brains (19, 28, 77); however, the molecular mechanism
of Uch-L1-mediated neurodegeneration has remained un-
known until very recently. Emerging evidence showed that
S-nitrosylation of Uch-L1 at Cys90, Cys152, and Cys220
occurs in cells exposed to high concentrations of GSNO,
accompanied by decreased ubiquitin binding affinity through
conformational changes and decreased deubiquitinating ac-
tivity (77). In addition, circular dichroism spectroscopy
revealed significant structural changes in Uch-L1 when in-
cubated with increasing concentrations of GSNO, but the
triple cysteine mutant Uch-L1(C90A/C152A/C220A) was
resistant to these GSNO-induced conformational changes
(77). Moreover, it was reported that SNO-Uch-L1 underwent
a-syn fibrillization, promoting cytosolic aggregation, as seen
in Lewy bodies of PD and LBD (77).

FIG. 4. Schema of SNO-DJ-1 contributing to neuronal
survival via transnitrosylation of PTEN. SNO-DJ-1 in-
hibits PTEN activity via transnitrosylation (forming SNO-
PTEN). SNO-PTEN prevents PTEN from antagonizing the
action of PI3K and thus activates the PI3K/Akt pathway.
Akt, protein kinase B; PI3K, phosphoinositide 3-kinase;
PTEN, phosphatase and tensin homologue.
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In contrast, in our hands, we found that Uch-L1 is pre-
dominately S-nitrosylated in vivo only at Cys152 in AD
transgenic mouse brains (106). Moreover, the crystal struc-
ture of Uch-L1 (35) revealed that a full S-nitrosylation mo-
tif (comprising Glu7 and Arg153) is present in the vicinity
of Cys152 but not in the other cysteine residues previously
reported to be nitrosylated. These data are consistent with
the notion that Cys152 is the predominant target of
S-nitrosylation in Uch-L1 (68, 151). We further showed that
expression of non-nitrosylatable mutant Uch-L1(C152A) is
sufficient to abrogate the effect of NO on Uch-L1 catalytic
activity and ubiquitin binding (106). S-Nitrosylation of Uch-
L1 also induces synaptic spine loss both in vitro and in vivo in
cell-based and animal models of AD. Importantly, compared
with control human brains, the relative increases in SNO-
Uch-L1 levels in human AD brains, mouse models of AD,
and cell-based neuronal models exposed to Ab oligomers are
all comparable (106), consistent with the notion that a pa-
thophysiologically relevant amount of SNO-Uch-L1 is pres-
ent in our AD model systems. This fact provides confidence
that the conclusions made about SNO-Uch-L1 from the
model systems are germane to human AD.

As discussed above, Ab-induced transnitrosylation from
SNO-Cdk5 to Drp1 results in mitochondrial fragmentation,
bioenergetic compromise, and consequent synaptic loss. We
recently discovered that this pathway is triggered upstream
initially by transnitrosylation from SNO-Uch-L1 to Cdk5.
Interestingly, direct binding of Uch-L1 to Cdk5 was already

known to enhance Cdk5 kinase activity in a Uch-L1 activity-
independent manner (71). Our group then demonstrated that
Uch-L1 can transnitrosylate Cdk5 in vitro and in intact cell
systems (106). Remarkably, we found a cascade of concerted
transnitrosylation from SNO-UchL-1 to SNO-Cdk5 to SNO-
Drp1 (Fig. 5). In a critical experiment, we found that deple-
tion of Cdk5 attenuates SNO-Drp1 formation in the presence
of SNO-Uch-L1; this finding is consistent with the notion that
transfer of nitrosothiol from Uch-L1 to Drp1 requires Cdk5
(106). Moreover, in an in vitro transnitrosylation assay, SNO-
Cdk5 does not transnitrosylate Uch-L1 but does transni-
trosylate Drp1 in the same reaction, suggesting the concerted
nature of the reaction schema (106, 122). Moreover, we show
that the concerted transnitrosylation from SNO-Uch-L1 to
Cdk5 to Drp1 is both kinetically and thermodynamically fa-
vored (106). Assuming the reaction reaches steady state, as
might be reasonably expected in an age-related neurodegen-
erative disease, the Nernst equation and the associated Gibb’s
free energy for transnitrosylation from SNO-UchL1 to Cdk5
produce a value of nearly -20 kJ/mol, indicating that the re-
action is highly thermodynamically favorable (106). A similar
analysis shows that subsequent transnitrosylation from SNO-
Cdk5 to Drp1 is also energetically favorable, consistent with
the concerted action of this pathway. Hence, our findings argue
that Cdk5 is transnitrosylated from Uch-L1, and then, in turn,
serves as an NO donor, to transnitrosylate Drp1. Our evidence
suggests that this triple transnitrosylation cascade represents
a pathogenic event in AD because lentiviral infection with

FIG. 5. Schematic modeling of multiple transnitrosylation steps from Uch-L1 to Cdk5 to Drp1 in the pathogenesis
of AD. In AD, oligomerized Ab, other misfolded proteins, aging, and neuroinflammation can all increase intracellular NO�

levels in neurons. The increase in NO� occurs via extrasynaptic (e)NMDAR-mediated nNOS activation in neurons and
iNOS activation in glia cells. Excessive elevation of NO� causes aberrant mitochondrial fragmentation, resulting in bio-
energetic compromise with consequent neuronal damage and synaptic loss. This loss of synapses contributes to cognitive
decline in AD. The aberrant transnitrosylation pathway that triggers the loss of synapses involves transfer of NO+ from
SNO-Uch-L1 to Cdk5 to Drp1. Accounting for the mitochondrial damage, the formation of SNO-Drp1 activates its GTPase
activity and increases mitochondrial fragmentation. This multistep transnitrosylation cascade represents a non-canonical
signaling pathway distinct from the known enzymatic functions of Uch-L1, Cdk5, and Drp1. Ab, amyloid b; AD,
Alzheimer’s disease; Cdk, cyclin-dependent kinase; Drp1, dynamin-related protein 1; iNOS, inducible nitric oxide synthase;
NMDAR, N-methyl-d-aspartate-type glutamate receptor; nNOS, neuronal nitric oxide synthase; NO�, nitric oxide; Uch-L1,
ubiquitin carboxy-terminal hydrolase L1.
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non-nitrosylatable mutant Uch-L1(C152A) constructs signifi-
cantly preserves synapses in transgenic mouse models of AD
(106).

In summary, this new work shows that mechanistically
distinct enzymes, that is, a kinase, a guanosine triphosphatase,
and a ubiquitin protein hydrolase, which function in disparate
biochemical pathways, can also act in concert to mediate
a series of redox reactions. Each enzyme manifests a sec-
ond, noncanonical function—transnitrosylation—triggering
a pathological biochemical cascade in AD. The resulting se-
ries of transnitrosylation reactions contributes to synaptic
loss, the major pathological correlate to cognitive decline
in AD. This concept of ‘‘noncanonical’’ or ‘‘hidden’’ trans-
nitrosylation networks may represent a set of biochemical
reactions not currently enveloped in standard bioinformatic
packages such as Gene Ontology (GO) enrichment or KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway anal-
ysis, and thus, this finding could change our concept of path-
way analysis and selection pressure on such cascades. Given
this network operates in the postreproductive period associ-
ated with aging, at a time of increasing susceptibility to
neurodegenerative disorders, natural selection pressure may
be lessened on this aberrant alternative activity. In the future,
identification of additional noncanonical transnitrosylation
networks using MS-based approaches should be explored and
may well lead to new therapeutic targets for neurodegener-
ative disorders.

Transnitrosylation Pathways in Non-CNS Tissues
and Other Organisms

In the aged brain, protein–protein transnitrosylation me-
diates both protective and destructive pathways depending
on the signaling cascades affected by the reactions. In other
tissues and in nonmammalian organisms, recent studies have
identified additional transnitrosylation events, including the
Hcp in E. coli and S100A8/S100A9 in mouse bone marrow-
derived macrophages exposed to IFN-c and LDLox (68, 140).
Here we review the roles of these proteins involved in trans-

nitrosylation. We also evaluate the potential influence of these
studies on redox reactions relevant to the field of neuroscience.

Hcp-dependent transnitrosylation in E. coli

Activation of nitrate reductase (NarGHI) in E. coli grow-
ing anaerobically in nitrate results in an increase in protein
S-nitrosylation, although the underlying mechanism for the
generation of the S-nitrosylating species in these bacteria
remains unclear (139). Notably, S-nitrosylation of the tran-
scription factor OxyR under anaerobic conditions induces
expression of a distinct subset of the genes regulating cell
growth, metabolism, and nitrosative stress (139).

Using this bacterial model system, Stamler’s group re-
vealed that a majority of the SNO-proteins formed in E. coli
are primarily due to transnitrosylation from Hcp (140)
(Fig. 6A). E. coli Hcp is a hybrid protein containing a [2Fe-
2S] cluster and a [4Fe-2S-2O] cluster (166). Its expression is
induced during anaerobic respiration without oxygen and
with nitrate (139). Iron/sulfur clusters in a protein are thought
to mediate one-electron oxidation of NO� to NO+, facilitating
oxidative modification of thiolate anion (S-) by NO+ and
thereby contributing to the generation of S-nitrosothiol on the
protein (82). Along these lines, the iron/sulfur centers of Hcp
are reported to catalyze auto-S-nitrosylation of Hcp at a
cysteine residue coordinating an Fe atom. In addition, Hcp
forms a large multiprotein complex, including NarGHI,
OxyR, and a series of proteins mediating transnitrosylation,
such as GAPDH and LpdA (dihydrolipoyl dehydrogenase).
Accordingly, SNO-Hcp serves as an anchoring protein that
facilitates transfer of an NO group from Hcp to its interacting
partners, conveying SNO-based signals to downstream pro-
teins. Importantly, Hcp-mediated transnitrosylation path-
ways not only regulate metabolism and motility but also
confer protection against nitrosative stress, consistent with
the notion that these redox reactions are physiologically
important (140). Thus, the Hcp interactome represents a re-
dox machinery that triggers S-nitrosylation-dependent sig-
naling in facultative anaerobic bacteria.

FIG. 6. Transnitrosylation in Escherichia coli and immune cells. (A) Schematic of Hcp-mediated transnitrosylation.
Nitrate reductase (NarGHI) contributes to production of NO-related species in E. coli during anaerobic respiration using
nitrate. The iron/sulfur cluster of Hcp may promotes NO� oxidation to NO+, facilitating formation of an SNO at an Fe-
coordinating cysteine residue. Transnitrosylation from SNO-Hcp to interacting proteins, such as OxyR, GAPDH, and LpdA,
regulates cellular metabolism and nitrosative stress in E. coli. (B) S100A9-mediated transnitrosylation in myeloid cells.
Inflammatory stimuli induce iNOS expression, followed by assembly of a protein complex consisting of iNOS, S100A8, and
S100A9. iNOS-driven S-nitrosylation of S100A9 at Cys3 (forming SNO-S100A9) transfers NO-related species to target
proteins recruited to the complex by S100A8. These target proteins include GAPDH, annexin V, ezrin, moesin, and
vimentin. The transnitrosylation events result in dysregulation of the GAIT (IFN-c-activated inhibitor of translation) com-
plex, contributing to prolonged expression of inflammatory genes. Hcp, hybrid cluster protein; IFN, interferon.
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Importantly, transition metal-catalyzed protein
S-nitrosylation has also been widely reported in mammalian
systems (98), as exemplified by hemoglobin, matrix metal-
loproteinases, and NOS isoforms (49, 93, 118, 124). There-
fore, in the mammalian brain, it will be interesting to examine
if metalloproteins, especially those with iron/sulfur centers,
support transnitrosylation pathways during inflammaging
and neurodegenerative processes.

S100A8/A9-mediated transnitrosylation
in inflammation

S100A8 and S100A9 proteins belong to the large S100
protein family, functioning not only as intracellular Ca2+

sensors but also as extracellular ligands for cell surface re-
ceptors such as toll-like receptor 4 and receptor for advanced
glycosylation end products. S100A8 and S100A9 are abun-
dantly expressed in myeloid lineage cells, including neutro-
phils, monocytes, and mast cells, forming stable hetero- or
homodimers (168). S100A8 and S100A9 each contain a sin-
gle cysteine residue. The thiol groups of these cysteines are
highly sensitive to ROS-mediated oxidative modifications
and RNS-mediated S-nitrosylation (55, 68, 89, 111). For ex-
ample, oxidative stress triggers disulfide linkage between
S100A8 molecules, forming homodimers, and decreases
S100A8 activity as an extracellular chemotactic factor that
stimulates the recruitment of myeloid cells to inflammatory
sites (55). Moreover, S-nitrosylated S100A8 mediates some
of the anti-inflammatory properties of NO, at least, in part,
via inhibition of mast cell degranulation (89). Intriguingly,
transnitrosylation from S100A8 to hemoglobin occurs in vitro
(89), suggesting that S100A8 can participate in transfer of
an NO group to other proteins in a cellular context. In addi-
tion, ROS-mediated oxidation of S100A9 at Cys3 leads to
mTORC1 activation, thus contributing to proliferation of can-
cer stem-like cells (111). However, the pathophysiological
role of S-nitrosylated S100A9 remains unclear.

Jia and colleagues have shown that the S100A8/A9 het-
erodimer binds to iNOS, directing selective S-nitrosylation of
other interacting proteins and eliciting an anti-inflammatory
response (68) (Fig. 6B). Specifically, in peripheral human
myeloid cells, inflammatory stimuli promote complex forma-
tion among iNOS, S100A8/9 heterodimers, and target pro-
teins to be S-nitrosylated, including GAPDH. Within this
protein complex, iNOS-derived NO-related species initially
S-nitrosylate S100A9 at Cys3. In addition, S100A8 can in-
teract with a target protein, for example, GAPDH, annexin V,
ezrin, or vimentin, thereby facilitating transnitrosylation from
S100A9 to these interacting proteins. The study further iden-
tified a consensus motif (I/L-X-C-X-X-D/E) for iNOS/S100A8/
S100A9-dependent S-nitrosylation, in which a nearby hydro-
phobic residue (I or L) and acidic amino acid (D or E) in-
crease the nucleophilicity of the target cysteine.

In the CNS, S100A8 and S100A are normally expressed in
microglia and to some extent in astrocytes and neurons, while
increased expression is associated with neurodegenerative
disorders such as AD (33). For example, both S100A8 and
S100A9 are present within neurofibrillary tangles (144), pro-
mote c- and b-secretase activity to increase Ab levels (78),
and directly interact and coaggregate with Ab peptide (185).
However, whether iNOS/S100A8/S100A9-mediated trans-
nitrosylation influences the pathophysiology of AD or other

neurological disorders remains unknown. Future studies will
be needed to decipher the role of S100A9-mediated transni-
trosylation in neuroinflammation during AD pathogenesis.

Concluding Remarks and Future Directions

Depending on the quantity and site of production, RNS can
trigger either physiological functions, such as synaptic trans-
mission, neuronal plasticity, and cell survival, or pathological
phenotypes, including protein misfolding, synaptic damage,
and cognitive decline. Subserving these events, NO-dependent
protein-S-nitrosylation leads to activation or inhibition of
multiple pathways in the brain. Furthermore, protein–protein
transnitrosylation has emerged as an important signaling
mechanism, transducing the biological effects of NO to dis-
tinct downstream proteins not only in human brains but in
most if not all tissues and organisms. Hence, S-nitrosylation/
transnitrosylation must be tightly regulated to ensure proper
physiological function; aberrant activation of these pathways
can contribute to the pathogenesis of many types of diseases,
including neurodegenerative disorders, cancer, and autoim-
mune diseases. Moreover, these findings suggest that eluci-
dation of additional transnitrosylation networks that operate
under either physiological or pathological conditions could
open up new avenues of exploration for potential therapeutic
targets to prevent NO�-associated and inflammatory neuro-
degeneration in aged brains. Further studies are needed that
utilize MS-based proteomics for identification of additional
transnitrosylation networks as well as biochemical appro-
aches to support or refute an enzymatic process that poten-
tially underlies each transnitrosylation reaction.

Moreover, the primary source(s) of NO� that contributes to
aberrant protein S-nitrosylation pathways in vivo remains un-
clear. Hence, additional work will be needed to determine
which NOS (e.g., iNOS or nNOS) provides NO� in this regard.
In addition, what cell types (i.e., neurons, astrocytes, oligo-
dendrocytes, and microglia) are involved in RNS production
in vivo and how various transnitrosylation networks contrib-
ute to aberrant S-nitrosylation of specific proteins all remain
to be elucidated.

MS methods to enhance the field of S-nitrosylation
research

Progress in biochemistry has long depended on the de-
velopment of advanced analytical and physical methods of
analysis. The mammalian brain contains 10–20,000 proteins,
and further variations based on PTMs and the number of
cysteines that can be modified may yield a number an order of
magnitude larger than that. In the early 1990s, S-nitrosylation
was discovered as a significant component of NO chemistry,
a PTM of proteins, and a significant factor in signaling and
toxicity (90). In most cases, the instability of the –SNO group
was a significant block to the characterization of protein iden-
tity and the specific cysteines that had been modified. Slowly
it became known that the nitrosylation process was both
thermodynamically and kinetically driven with many essen-
tial components, and that the process was reversible (deni-
trosylation), and transferable, for example, to other proteins.
In 2001, a dramatic turn of events emerged in the publication
of Jaffrey and Snyder (63, 64) of a method that involved
selective cysteine blocking, denitrosylation of -SNO with
ascorbate to the thiol (90), and substitution of the newly
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generated thiol with an entity (e.g., biotin) that could be se-
lectively captured for further proteomic identification. The
method, called ‘‘biotin switch,’’ rapidly generated hundreds
of citations with protein identities important to the health of
brain and other organ systems.

The biotin-switch assay was so successful that it stimulated
research to advance the rate and capacity for protein identifi-
cation and cysteine-site identification. A major advance ap-
peared in 2006 from the Gross laboratory (53) under the
acronym SNOSID (SNO site Identification). SNOSID is an
extension of the biotin-switch method in which the captured
proteins are trypsinized before capture to yield the SNO-
cysteine peptides. Using this approach, the laboratory was able
to identify 68 proteins and associated cysteine-SNO sites from
rat cerebellum. Another step toward improvement came from
Stamler and colleagues with resin-assisted capture of SNO-
proteins. This method substitutes thiopropyl sepharose for bio-
tin/avidin to reduce the required steps for enrichment of SNO-
proteins. Since this technique combines thiol labeling and pro-
tein enrichment into one step, it avoids additional processes that
could affect background labeling and thus sensitivity such as
removal of excess biotinylating agent and pulldown by strep-
tavidin (43, 161). Shortly thereafter the Ischiropoulos laboratory
greatly improved the recovery of SNO-peptides and proteins
through covalent binding of the cysteine sulfur with phe-
nylmercury, which has no reactivity documented for disulfides,
sulfinic or sulfonic acids, S-glutathionylated, S-alkylated, or
S-sulfhydrated cysteine residues (40). This enabled structural
profiling of sites in proximity to SNO-cysteines and opened
the field to possibilities of predicting these sites (39).

The search for even better methods continued. Two prob-
lems continued to plague the biotin-switch method. False
positives from incomplete blocking of naked cysteines, and
false negatives from incomplete denitrosylation with ascorbate
and subsequent biotinylation of SNO-sites. False positives
are by far the worst problem because it introduces misin-
formation that will confound subsequent systems analysis. A
solution to the false-positive problem would be to develop a
reagent that would react with and couple to the SNO-site, and
this was accomplished by the Tannenbaum laboratory in
2013 (137) and then applied to mouse models of AD (6, 138),
autism (5), and arsenic toxicity (7). In each case, hundreds to
thousands of SNO-proteins were identified in both control
and treated mouse frontal cortex.

Once we enter the era of big data with protein
S-nitrosylation, we will need the tools of systems biology to
explain what the data mean. The tools we have now include
genomic platforms, GO, pathway analysis, and STRING for
protein interactions. In the future, we will have to develop
methods in artificial intelligence and machine learning to help
develop models and hypotheses incorporating all of this new
information on the S-nitrosoproteome in health and disease.
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Abbreviations Used

Ab¼ amyloid b
AD¼Alzheimer’s disease

AE1¼ anion exchanger 1
Akt¼ protein kinase B

ALS¼ amyotrophic lateral sclerosis
BIR¼ baculovirus IAP repeat
Cdk¼ cyclin-dependent kinase

cGMP¼ cyclic guanosine monophosphate
CNS¼ central nervous system

csPDI¼ cell surface PDI
Cys¼ cysteine

DNAPK¼DNA-activated protein kinase
Drp1¼ dynamin-related protein 1

GAPDH¼ glyceraldehyde-3-phosphate
dehydrogenase

GO¼Gene Ontology
Grx¼ glutaredoxin

GSNO¼S-nitrosoglutathione
GSNOR¼GSNO reductase

Hcp¼ hybrid cluster protein
HD¼Huntington’s disease

HDAC2¼ histone deacetylase 2
HSP¼ heat shock protein
IAP¼ inhibitor of apoptosis protein
IFN¼ interferon

iNOS¼ inducible NOS
KEGG¼Kyoto Encyclopedia of Genes

and Genomes
KO¼ knockout

LBD¼Lewy body dementia

LDLox¼ oxidatively modified low-density
lipoprotein

MS¼mass spectrometry
NFAT-1¼ nuclear factor of activated T cells 1

NMDAR¼N-methyl-d-aspartate-type glutamate
receptor

nNOS¼ neuronal NOS
NO�¼ nitric oxide
NO+¼ nitrosonium cation
NOS¼NO synthase
O2
�-¼ superoxide anion

PD¼ Parkinson’s disease
PDI¼ protein-disulfide isomerase

PGC1a¼ proliferator-activated receptor-c
coactivator 1a

PI3K¼ phosphoinositide 3-kinase
Prx¼ peroxiredoxins

PTEN¼ phosphatase and tensin homologue
PTM¼ posttranslational modification
RNR¼ ribonucleotide reductase
RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species
RS-¼ thiolate anion
RS�¼ thiyl radical

SIRT1¼ sirtuin 1
SNOC (or CysNO)¼ S-nitrosocysteine

SNO-protein¼ S-nitrosylated protein

SNOSID¼ SNO site Identification

TRP-14¼Trx-related protein 14

Trx¼ thioredoxin

TrxR¼Trx reductase

Uch-L1¼ ubiquitin carboxy-terminal
hydrolase L1

XIAP¼X-linked inhibitor of apoptosis
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