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Abstract

The loss or injury of neurons associated with oxidative and nitrosative redox stress plays an
important role in the onset of various neurodegenerative diseases. Specifically, nitric oxide (NO),
can affect neuronal survival through a process called S-nitrosylation, by which the NO group
undergoes a redox reaction with specific protein thiols. This in turn can lead to the accumulation
of misfolded proteins, which generally form aggregates in Alzheimer’s, Parkinson’s, and other
neurodegenerative diseases. Evidence suggests that S-nitrosylation can also impair mitochondrial
function and lead to excessive fission of mitochondria and consequent bioenergetic compromise
via effects on the activity of the fission protein dynamin-related protein 1 (Drpl). This insult leads
to synaptic dysfunction and loss. Additionally, high levels of NO can S-nitrosylate a number of
aberrant targets involved in neuronal survival pathways, including the antiapoptotic protein XIAP,
inhibiting its ability to prevent apoptosis.

Introduction

The initial stages of many neurodegenerative diseases are characterized by injury and
synaptic damage, followed by neuronal loss in specific regions of the brain. For example,
the hippocampus and pars compacta of the substantia nigra are the most susceptible areas to
undergo neurodegeneration in Alzheimer’s disease (AD) and Parkinson’s disease (PD),
respectively. However, with disease progression, additional regions of the brain exhibit
massive neuronal loss and thus undergo severe degeneration. During the injury process in a
variety of neurological disorders, neurons manifest several common pathological features,
including increased oxidative and nitrosative stress, mitochondrial dysfunction, activation of
cell death pathways, and protein aggregation.

Although the mechanisms underlying the onset of these diseases remain largely unknown,
the idea that oxidative and nitrosative stress plays a central role in the development of
neurodegeneration has emerged as an attractive theory because production of toxic free
radicals rises with aging, and the greatest risk factor for the onset of neurodegenerative
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diseases is aging. In fact, excessive generation of reactive oxygen. species (ROS), such as
superoxide anion (O, ™), as well as reactive nitrogen species (RNS), including nitric oxide
(NO), can contribute to neuronal cell injury and death in experimental models of
neurodegenerative diseases (Beal, 2001; Lipton, 2006; Lipton and Rosenberg, 1994).
Interestingly, increasing evidence suggests that reaction of an NO group with critical
cysteine thiols of target proteins results in the formation of S-nitrosoproteins (SNO-Ps) and
can thus regulate protein function and hence neuronal survival (Lipton et al., 1993).
Analogous to phosphorylation, this reaction was termed “S-nitrosylation,” indicating a
biological effect of the chemical reaction of S-nitrosation. S-Nitrosylation can mediate either
protective or neurotoxic effects depending on the action of the target protein that is affected.

In this review, we summarize recent studies on NO-mediated stress in neurodegenerative
conditions and specifically attempt to delineate how activation of S-nitrosylation signaling
pathways affects pathologic symptoms, particularly protein misfolding and mitochondrial
function. Of note, sporadic forms of neurodegenerative diseases, rather than familial forms
due to a single gene mutation, constitute the vast majority of human cases. Therefore, a
secondary theme of this review is that protein misfolding, as well as other pathological
changes resulting from posttranslational modifications to proteins engendered by redox
stress, can mimic the rare genetic forms of disease (Zhang and Kaufman, 2006).
Specifically, we have demonstrated a critical role for S-nitrosylation of a ubiquitin E3 ligase,
parkin, and an endoplasmic reticulum (ER) chaperone, protein-disulfide isomerase (PDI), in
accumulation of misfolded proteins in neurodegenerative diseases (Chung et al., 2004;
Uehara et al., 2006; Yao et al., 2004). We also review recent findings describing S-
nitrosylation of dynamin-related protein 1 (Drpl), which can contribute to the pathological
fragmentation of mitochondria, and S-nitrosylation of XIAP, which influences caspase-
dependent neuronal cell death. These nitrosylation reactions of specific proteins involved in
neurodegenerative conditions serve to illustrate a rapidly developing field that has
discovered redox-mediated modifications on many such target proteins.

Generation of ROS/RNS in the nervous system

Using flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), NADPH, and
tetrahydrobiopterin as cofactors, NO synthase (NOS) produces NO from L-arginine and
oxygen. Three subtypes of NOS have been identified. The two constitutive forms of NOS,
neuronal NOS (nNOS or NOS1) and endothelial NOS (eNOS or NOS3), take their names
from the cell type in which they were first found. The name of the third subtype, inducible
NOS (iNOS or NOS2), indicates that expression of the enzyme is induced by acute
inflammatory stimuli. Each NOS isoform contains an oxidase domain at its amino terminal
and a reductase domain at its carboxy terminal, separated by a Ca2*/CaM binding site (Abu-
Soud and Stuehr, 1993; Boucher et al., 1999; Bredt et al., 1991; Forstermann et al., 1998;
Groves and Wang, 2000). Constitutive and inducible NOS are also further distinguished by
CaM binding; nNOS and eNOS bind CaM in a reversible Ca2*-dependent manner and are
thus activated by Ca2*. In contrast, iNOS binds CaM so tightly at resting intracellular Ca2*
concentrations that its activity does not appear to be affected by transient variations in Ca2*
concentration.

Although all three isoforms are widely distributed in the brain, nNOS provides a
predominant source of NO in neurons. nNOS has been thought to be concentrated in the
postsynaptic density (PSD) via binding to PSD-95, and binds to A-methyl-D-aspartate-type
glutamate receptors (NMDARS) via PDZ binding domains. However, nNOS may also be
present in extrasynaptic NMDA receptor complexes (Kim and Sheng, 2004; Sattler et al.,
1999; Petralia et al., 2010). NMDA receptors, unlike most other glutamate receptors, are
highly permeable to Ca2*. Depolarization of the neuronal cell membrane relieves blockade
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of NMDA receptor-coupled ion channels by Mg?* (Mayer et al., 1984). This allows
extracellular Ca%* to enter via the channel into the cytosol, where Ca?* binds to CaM and
activates nNOS to promote NO production. The NMDA receptor/Ca?* pathway promotes
many normal intracellular signaling cascades. For instance, normal excitatory
neurotransmission via NMDA receptors is essential for synaptic development and plasticity
as well as learning and memory. In contrast, excessive glutamate excitation, particularly of
NMDA-type glutamate receptors, plays a role in a variety of neurological disorders ranging
from acute hypoxic-ischemic brain injury to chronic neurodegenerative diseases. Excessive
Ca%* influx through NMDA receptors promotes pathological signaling via production of
free radicals and related molecules such as NO from nNOS activity as well as ROS from
mitochondrial respiratory pathways and other enzymatic processes (see also below for
further discussion of neuronal ROS generation) (Abu-Soud and Stuehr, 1993; Bonfoco et al.,
1995; Bredt et al., 1991; Budd et al., 2000; Dawson et al., 1991; Lipton et al., 1993; Lipton
and Rosenberg, 1994; Sattler et al., 1999). Neuronal damage caused by excessive activation
of glutamate receptors is known as “Excitotoxicity” (Olney, 1969), and excessive Ca2*
influx through NMDA receptor-associated ion channels is at least partially responsible for
this form of neurotoxicity (Chen and Lipton, 2006; Lipton, 2006; Lipton and Rosenberg,
1994).

NO derived from iNOS also contributes to the pathogenesis of a wide range of
neurodegenerative diseases such as AD, PD, Huntington’s disease (HD), amyotrophic lateral
sclerosis (ALS), and HIV-associated neurocognitive disorder. In these patients,
neuroinflamatory and neurodegenerative stimuli, including cytokines, chemokines, viral
infection, a secreted derivative of amyloid precursor protein, Parkinsonian toxins (e.g.,
MPTP), mutant huntingtin proteins, ischemia, and ROS/RNS, can all activate glial cells such
as astrocytes and microglia. Such activation results in expression of iNOS and production of
high levels of NO (Adamson et al., 1996; Barger and Harmon, 1997; Chen et al., 2000;
Fukui and Moraes, 2008; Galea et al., 1992; Liberatore et al., 1999; Saha and Pahan, 2006).
Unlike nNOS and eNOS, activation of iNOS is tightly associated with its expression levels.
NF-xB and/or AP1-mediated transcription plays an important role in iNOS expression, but
iNOS expression can also be controlled at translational and post-translational levels (Fukui
and Moraes, 2008). NO from iNOS/glial cells is thought to contribute to neuronal damage
by triggering cell death pathways. Alternatively, NO from iNOS can inhibit glutamate
reuptake, potentiating excitotoxicity and thus contributing to neuronal death and injury (Li et
al., 2009).

In addition to RNS, ROS levels are also elevated in degenerating brains. For instance,
superoxide anion (O, "), primarily produced from mitochondria as a byproduct of cellular
respiration, can react with NO to form very toxic peroxynitrite (ONOQO™). In contrast,
superoxide dismutase (SOD) can convert superoxide radicals into another ROS, hydrogen
peroxide, and hydrogen peroxide can react with iron (I1) to produce toxic hydroxyl radicals
(termed the Fenton reaction) (Fukui and Moraes, 2008). Under physiological conditions, up
to 2% of the electrons in the electron transport chain can yield superoxide anion, which can
be detoxified by antioxidant systems resident in cells. However, when cells such as neurons
are stressed with neurodegeneration promoting insults, mitochondria may produce higher
levels of ROS, contributing to pathogenesis. For example, in animal models of PD,
administration of complex I inhibitors, such as MPTP (converted to MPP*), rotenone, and
paraquat, recapitulates many features of sporadic PD, including degeneration of
dopaminergic neurons, overproduction and aggregation of a-synuclein, accumulation of
Lewy body-like intraneuronal inclusions, and impairment of behavioral function (Beal,
2001; Betarbet et al., 2000). These pesticides and other environmental toxins specifically
inhibit mitochondrial complex I, generating excessive ROS as well as RNS, thus
contributing to aberrant protein accumulation, as described below, and neuronal injury
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(Beal, 2001; Betarbet et al., 2000; Chung et al., 2004; Uehara et al., 2006; Yao et al., 2004).
Furthermore, overactivation of NMDA receptors contributes to mitochondrial dysfunction,
for example, by Ca2* overload, producing ROS via the mitochondrial electron transport
chain (Lafon-Cazal et al., 1993; Adam-Vizi and Starkov, 2010; Duan et al., 2007; Dugan et
al., 1995; Reynolds and Hastings, 1995). Although studies such as these strongly suggest a
relationship among ROS/RNS, protein misfolding, and neuronal dysfunction, the
mechanism of how ROS/RNS contribute to these pathological features is only now
emerging.

Additionally, via an extramitochondrial pathway, NADPH oxidase can produce free
radicals, principally superoxide anion, after NMDA receptor activation (Brennan et al.,
2009). NADPH oxidase consists of catalytic and regulatory subunits, and is a cytosolic
protein expressed in neurons as well as astrocytes and microglia. In neurons, Ca2* influx via
NMDA receptor channels activates several isoforms of protein kinase C (PKC), which
triggers assembly of an NADPH oxidase complex, thus producing high levels of superoxide
anion from hyperactivated NADPH oxidase. In addition, Ap or cytokine exposure, via
PKC-, MAP kinase- or P13 kinase-mediated pathways, increases ROS generation via glial
NADPH oxidase (Bianca et al., 1999; Simonyi et al., 2010), thus contributing to neuronal
damage.

NO/S-nitrosylation signaling pathways in neuronal cells

NO participates in cellular signaling pathways that regulate broad aspects of brain function,
including synaptic plasticity, normal development, and neuronal cell death (Dawson et al.,
1991) (Fig. 1). These effects were thought to be largely achieved by activation of guanylate
cyclase to form cyclic guanosine-3’,5"-monophosphate (cGMP), but emerging evidence
suggests that a more prominent reaction of NO is S-nitrosylation of regulatory protein thiol
groups discussed above (Garthwaite et al., 1988; Isaacs et al., 2006; Lipton et al., 1993). S-
Nitrosylation is the covalent addition of an NO group (often in the form of a nitrosonium
cation, NO™), to a cysteine thiol/sulfhydryl (or more properly a thiolate anion, RS™) to form
an S-nitrosothiol derivative (R-SNO). Such regulatory modifications are broadly found in
mammalian, plant, and microbial proteins. As examples, we list a number of proteins found
in the brain whose function is affected by S-nitrosylation (Table 1). We and our colleagues
have found a consensus motif of nucleophilic residues (generally an acid and a base)
surrounding a critical cysteine that facilitates the formation of a thiolate anion and thus
increases the susceptibility of the sulfhydryl to S-nitrosylation (Stamler et al., 1997; Hess et
al., 2005). These findings suggest that only specific subsets of cysteine residues are
susceptible to this type of post-translational modification. Additionally, the recent discovery
of protein-protein transnitrosylation reactions (transfer of an NO group from one protein to
another) has revealed a mechanism whereby NO on one protein can S-nitrosylate a
particular thiol on another specific protein [reviewed in (Anand and Stamler, 2012;
Nakamura and Lipton, 2012)]. These S-nitrosylation processes are counterbalanced by
denitrosylation via a number of enzymes such as thioredoxin/thioredoxin reductase, class 111
alcohol dehydrogenase, protein-disulfide isomerase (PDI), intracellular GSH, and other
mechanisms.

Accumulating evidence suggests that S-nitrosylation is analogous to phosphorylation in
regulating the biological activity of many proteins (Chung et al., 2004; Gu et al., 2002; Hara
et al., 2005; Hess et al., 2005; Lipton et al., 1993; Stamler et al., 2001; Uehara et al., 2006;
Yao et al., 2004). However, the chemistry of NO is much more complex. NO is often a good
“leaving group,” resulting in further oxidation of the thiol to a disulfide bond between
neighboring (vicinal) cysteine residues. Alternatively, as NO “leaves” because of another
reaction partner, the thiol group can react with ROS to yield sulfenic (-SOH), sulfinic (-
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SO,H) or sulfonic (-SO3H) acid derivatives on the cysteine residue of the protein (Gu et al.,
2002; Uehara et al., 2006; Yao et al., 2004). S-Nitrosylation may also produce a nitroxyl
disulfide, in which the NO group is shared by proximate cysteine thiols (Houk et al., 2003).

We first identified the physiological relevance of the redox-based mechanisms by which NO
and related RNS exert seemingly paradoxical effects in the CNS (Lipton et al., 1993). For
example, relatively low concentrations of NO are neuroprotective through S-nitrosylation of
NMDA receptors and caspases. Additionally, NO can control neuronal development via S-
nitrosylation of HDAC?2 (Nott et al., 2008). In contrast, high levels of NO can contribute to
neurodestructive events through formation of peroxynitrite or aberrant S-nitrosylation of
various proteins, including parkin, PDI, Drp1, Cdk5, XIAP, and many other targets, as
discussed below (Gu et al., 2002; Hara et al., 2005; Lipton et al., 1993) (Fig. 1 and Table 1).

At low levels, NO mediates physiological signaling functions, often resulting in
neuroprotection. For example, our group first identified the physiological relevance of S-
nitrosylation by showing that NO reacts with the NMDA receptor to downregulate excessive
activity, thus providing neuroprotective effects under excitotoxic conditions (Lipton et al.,
1993). Subsequently, we found that five different cysteine residues on extracellular domains
of the NMDA receptor could react with NO. One of these, located at cysteine residue #399
(Cys399) on the NR2A subunit of the NMDA receptor, mediates the predominant effect of
NO under our experimental conditions (Choi et al., 2000). As deduced from recently solved
crystal structures and further electrophysiological experiments, we found that NO binding to
the NMDA receptor at Cys399 may induce a conformational change in the receptor protein
that makes glutamate and Zn2* bind more tightly to the receptor. The enhanced binding of
glutamate and Zn2* in turn causes the receptor to desensitize and, consequently, the ion
channel to close (Lipton et al., 2002; Sobolevsky et al., 2009). As opposed to ambient air
with an oxygen tension of 150 torr, a pO, of 10-20 torr is found in normal brain, and even
lower levels occur under hypoxic/ischemic conditions. We recently found that as the oxygen
tension is lowered the NMDA receptor becomes more sensitive to inhibition by S-
nitrosylation (Takahashi et al., 2007).

Additionally, NO can inhibit apoptotic neuronal cell death via S-nitrosylation of caspases.
Caspases belong to a family of cysteine proteases, and many of them are involved in the
initiation or execution of apoptosis. In fact, excitotoxic injury can be in part mediated by
caspases (Budd et al., 2000; Tenneti et al., 1997). NO is known to S-nitrosylate the catalytic
cysteine of most or all caspases (Dimmeler et al., 1997; Tenneti et al., 1997; Kim et al.,
1997; Mannick et al., 1999; Mannick et al., 2001), inhibiting their protease activities. All
caspases are initially expressed in cells as catalytically inactive zymogens (pro-forms) and
undergo proteolytic activation to form active enzymes (cleaved forms) during apoptosis.
Mannick et al. reported that the pro-form of caspase-3 is constitutively S-nitrosylated;
however, following a variety of cell death stimuli, selective denitrosylation of the cleaved
form of caspase-3 generates catalytically active enzyme (Mannick et al., 1999).
Interestingly, recent findings from Stamler’s group suggest that thioredoxins can mediate
denitrosylation of caspase-3, contributing to caspase-3 activation and cell death (Benhar et
al., 2008). Moreover, we recently discovered that S-nitrosylated caspase-3 transnitrosylates
(transfers its NO group to) XIAP, a potent antagonist of caspase activity, thus compromising
XIAP’s neuroprotective function and promoting neuronal cell injury and death (Nakamura et
al., 2010). These pathways are discussed in more detail in a subsequent section of this
review.

In contrast, we and colleagues have also studied the consequence of excessive
(pathophysiological) generation of nitrosative reaction products. For example, recent
evidence suggests that the presence of excessive NO-related species may play a significant
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role in the process of protein misfolding. Increased nitrosative and oxidative stress are
associated with chaperone and proteasomal dysfunction, resulting in accumulation of
misfolded aggregates (Isaacs et al., 2006; Zhang and Kaufman, 2006). However, until
recently little was known regarding the molecular and pathogenic mechanisms underlying
contributions of NO to the formation of aggregates, such as amyloid plaques in AD or Lewy
bodies in PD. We and others recently presented physiological and chemical evidence that S-
nitrosylation modulates the ubiquitin E3 ligase activity of parkin (Chung et al., 2004; Lipton
et al., 2005; Yao et al., 2004). Additionally, we found that S-nitrosylation regulates the
chaperone and isomerase activities of PDI (Uehara et al., 2006), contributing to protein
misfolding and neurotoxicity in models of neurodegenerative disorders. Moreover, S-
nitrosylation contributes to mitochondrial dysfunction and caspase-dependent neuronal cell
death via formation of SNO-Drpl and SNO-XIAP, respectively (see below for further
discussion on SNO-Parkin, SNO-PDI, SNO-Drp1, and SNO-XIAP).

Protein misfolding and aggregation in neurodegenerative diseases

Misfolded proteins form aggregates in many neurodegenerative diseases, and soluble
oligomers of these aberrantly folded proteins are thought to adversely affect cell function by
interfering with normal cellular processes or initiating cell death signaling pathways
(Muchowski and Wacker, 2005). As examples, a-synuclein and synphilin-1 often aggregate
to form Lewy bodies in PD brains. Additionally, degenerating AD brains contain aberrant
accumulations of misfolded, aggregated proteins — amyloid-p peptide (AB) and tau protein.
These aggregates are recognized as either intracellular neurofibrillary tangles, which contain
hyperphosphorylated tau, or extracellular plagues, which contain AB. B-Secretase and y-
secretase proteolytically cleave amyloid precursor protein (APP) in its transmembrane
region to generate AB. Historically, misfolded proteins that form large aggregates were first
considered to be pathogenic. However, recent evidence has suggested that macroscopic
aggregates are in general an attempt by the cell to wall off these aberrant proteins, while
soluble (micro-) oligomers of such proteins are the most toxic forms (although larger
aggregates could potentially be toxic by location or if not contained by the proper
chaperones) (Arrasate et al., 2004). Protein aggregation is also a signature of HD (a polyQ
disorder), ALS, and prion disease (Ciechanover and Brundin, 2003).

Furthermore, Eissa’s group reported that microglia can redistribute iNOS to an aggresome,
and that this may in part support the hypothesis that protein aggregation mediates a
physiological mechanism (Kolodziejska et al., 2005; Pandit et al., 2009). This group found
that sequestration of iINOS to aggresomes inactivates iNOS, thus preventing overproduction
of neurotoxic NO and providing neuroprotection. CHIP and HDACG6 appeared to regulate
iNOS translocation into the inclusion bodies (Sha et al., 2009). In addition, a portion of
cellular nNOS may be present in aggresomes (Corso-Diaz and Krukoff). Although the
molecular mechanism responsible for the inhibition of NOS activity by aggresomes remains
incompletely understood, aggresome-mediated inactivation of NOS may represent a
protective aspect of inclusion bodies.

In contrast to diseased neurons, healthy neurons generally show little or no accumulation of
protein aggregates, indicating that the appearance of such structures is a response to
pathological stress. Considerable evidence suggests that misfolded or otherwise abnormal
proteins are produced even in healthy cells and yet do not form macroscopic aggregates. The
difference can largely be accounted for by cellular mechanisms for quality control, such as
molecular chaperones, the ubiquitin-proteasome system (UPS), and autophagy/lysosomal
degradation. A reduction in molecular chaperone or proteasome activities under pathological
conditions can result in deposition and accumulation of aberrant proteins either within or
outside of cells in the brain. Several mutations in molecular chaperones or UPS-associated
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enzymes are known to contribute to neurodegeneration (Cookson, 2005; Muchowski and
Wacker, 2005). For example, a reduction in proteasome activity was found in the substantia
nigra of PD patients (McNaught et al., 2004), and overexpression of the molecular
chaperone HSP70 prevented neurodegeneration /n7 vivo in models of PD (Auluck et al.,
2002).

S-Nitrosylation of Parkin and the UPS

Formation of polyubiquitin chains on a peptide constitutes the signal for proteasomal
degradation. The cascade of activation (E1), conjugation (E2), and ubiquitin-ligase (E3)-
type enzymes catalyzes conjugation of the ubiquitin chain to the proteins marked for
degradation. Individual E3 ubiquitin ligases play a key role in the recognition of specific
peptide substrates (Ross and Pickart, 2004).

Parkin is a member of a large family of E3 ubiquitin ligases. Parkin contains a total of 35
cysteine residues, many of which coordinate structurally important zinc atoms, which are
often involved in catalysis (Marin and Ferrus, 2002). Parkin recruits for ubiquitination a
substrate protein as well as one of several E2 enzymes (e.g., UbcH7, UbcH8, or UbcH13).
Interestingly, mutations in the gene encoding parkin have been associated with Autosomal
Recessive Juvenile PD and some even more rare forms of adult-onset PD. In general,
mutations in parkin do not contribute to Lewy body formation, although there is at least one
exception—familial PD patients with the R275W parkin mutation manifest Lewy bodies
(Farrer et al., 2001). Mutations in both alleles of the parkin gene will cause dysfunction in its
activity, although not all mutations result in loss of parkin E3 ligase activity (Cookson,
2005). Additionally, wild-type parkin can mediate the formation of non-classical and “non-
degradative” lysine 63-linked polyubiquitin chains (Lim et al., 2005; Lim et al., 2006).
Synphilin-1 (an a-synuclein-interacting protein) is a well-characterized substrate for parkin
ubiquitination, and has been reported in Lewy body-like inclusions in cultured cells when
co-expressed with a-synuclein. Accumulation of these proteins portends a poor prognosis
for the survival of dopaminergic neurons in familial PD and possibly also in sporadic forms
of the disease. Furthermore, recent studies have suggested that parkin can interact with
PINK1 depending on mitochondrial membrane potential. The gene encoding PINK1, a
mitochondrial kinase, is mutated in some forms of familial PD. Parkin functions with PINK1
to regulate mitochondrial trafficking and to remove damaged mitochondria by mitophagy
(Jinetal., 2010; Wang et al., 2011).

Emerging evidence from our laboratory and others suggests that nitrosative/oxidative stress
acts as a potential causal factor for protein misfolding in sporadic forms of PD. Specifically,
we and others discovered that S-nitrosylation and further oxidation of parkin result in a
dysfunctional E3 ligase activity and disruption of UPS function (Chung et al., 2004; Yao et
al., 2004; Meng et al., 2011). We found that nitrosative stress induces S-nitrosylation of
parkin (forming SNO-parkin) in rodent models of PD. Similarly, we found increased levels
of SNO-parkin in brains of human patients with PD and the related a-synucleinopathy,
DLBD (diffuse Lewy body disease). Initially, S-nitrosylation of parkin stimulates ubiquitin
E3 ligase activity, which may contribute to Lewy body formation. Subsequently, with time
we found that the E3 ligase activity of SNO-parkin decreases, resulting in UPS dysfunction
(YYao et al., 2004, Lipton et al., 2005). Importantly, S-nitrosylation of parkin on critical
cysteine residues can also compromise its neuroprotective activity (Chung et al., 2004).

S-Nitrosylation of PDI mediates protein misfolding and neurotoxicity

In the ER, PDI facilitates proper protein folding by introducing disulfide bonds into proteins
(oxidation), breaking disulfide bonds (reduction), and catalyzing thiol/disulfide exchange
(isomerization), thus facilitating disulfide bond formation, rearrangement reactions, and
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protein structural stability (Lyles and Gilbert, 1991). Additionally, several mammalian PDI
homologues, such as ERp57 and PDIp, localize to the ER and may manifest similar
functions (Conn et al., 2004). Increased expression of PDIp in neuronal cells under
conditions mimicking PD suggests the possible contribution of PDIp to neuronal survival
(Conn et al., 2004). In many neurodegenerative disorders and cerebral ischemia, the
accumulation of immature and denatured proteins results in ER dysfunction (Conn et al.,
2004), but upregulation of PDI represents an adaptive response promoting protein refolding
and may offer neuroprotection (Conn et al., 2004).

Excessive NO is known to create ER stress at least in part by disruption of Ca2*
homeostasis. One possible mechanism is the increased activity of the ER CaZ* channel-
ryanodine receptor through S-nitrosylation (Xu et al., 1998). Interestingly, we have recently
reported that excessive NO, as well as generation of NO after exposure to rotenone, a
pesticide known to contribute to the pathogenesis of PD, can lead to S-nitrosylation of the
active-site thiols of PDI (to form SNO-PDI), thus inhibiting its isomerase and chaperone
activities (Uehara et al., 2006). S-Nitrosylation of PDI prevented its attenuation of neuronal
cell death triggered by ER stress, misfolded proteins, or proteasome inhibition. Also, we
found SNO-PDI in the brains of virtually all cases sporadic AD and PD that we examined.
These results suggest that SNO-PDI may participate in protein misfolding and consequent
neuronal cell injury or death.

Recently, formation of SNO-PDI and other S-nitrosothiols was also reported in the spinal
cord of an ALS transgenic mouse model, (Schonhoff et al., 2006; Walker et al., 2009). This
mouse model involves mutation in Cu/Zn superoxide dismutase (mtSOD1). Mutations in
this enzyme are known to cause some forms of familial ALS, possibly in part by producing
inclusion bodies that contain misfolded mtSOD1 as seen at postmortem examination
(Arnesano et al., 2004; Doucette et al., 2004; Furukawa and O’Halloran, 2005; Rakhit et al.,
2004; Tiwari and Hayward, 2003). Recent studies have shown that inhibition of PDI activity
with bacitracin can increase aggregation of mtSOD1 in neuronal cells, and that regulation of
endogenous PDI activity by reticulons protects against neurodegeneration (Atkin et al.,
2006; Yang et al., 2009). In contrast, overexpression of PDI decreases mtSOD1 aggregation
and mtSOD1-induced neuronal cell death. Taken together, these findings suggest that
increased PDI activity reduces mtSOD1 aggregation and promotes neuronal survival, but
SNO-PDI fails to protect motoneurons from protein misfolding toxicity (Atkin et al., 2006;
Walker et al., 2009; Yang et al., 2009). Additionally, sporadic ALS patients were reported to
manifest increased SNO-PDI levels, suggesting that S-nitrosylation of PDI may contribute
to the pathogenesis of sporadic ALS (Walker et al., 2009). It will be important to determine
whether SNO-PDI is also involved in protein aggregation and motoneuron injury in ALS in
the absence of SOD1 mutations.

The activity of the UPS and molecular chaperones normally declines with age (Paz Gavilan
et al., 2006). Since we and others have not found detectable levels of SNO-parkin or SNO-
PDI in normal aged brain but only in disease states (Chung et al., 2004; Yao et al., 2004;
Uehara et al., 2006), it is likely that S-nitrosylation of these and similar proteins is a
contributing mechanism to protein misfolding in neurodegenerative conditions. Collectively,
these studies raise the possibility that SNO-parkin, SNO-PDI, and S-nitrosylation of other
chaperone molecules may represent potential therapeutic targets to prevent protein
aggregation in a number of neurodegenerative diseases.

S-Nitrosylation of other molecular chaperones

In addition to PDI, S-nitrosylation is likely to affect critical thiol groups on other
chaperones, such as HSP90 in the cytoplasm (Martinez-Ruiz et al., 2005) and possibly
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GRP78/GRP94 in the ER (Dall’Agnol et al., 2006). Normally, HSP90 stabilizes misfolded
proteins and modulates the activity of cell signaling proteins, including NOS and calcineurin
(Muchowski and Wacker, 2005). In AD brains, levels of HSP90 are increased in both the
cytosolic and membranous fractions, where HSP90 is thought to maintain tau and Ap in
soluble conformations, thereby averting their aggregation (Dou et al., 2003; Kakimura et al.,
2002). Martinez-Ruiz et al. (2005) recently demonstrated that S-nitrosylation of HSP90 can
occur in endothelial cells, and this modification abolishes its ATPase activity, which is
required for its function as a molecular chaperone. These studies raise the possibility that S-
nitrosylation of neuronal HSP90 in AD brains may contribute to the accumulation of tau and
AP aggregates.

In analogy to HSP90 in the cytoplasm, GRP78/Bip is arguably the best-characterized of the
ER chaperones. Using energy from ATP hydrolysis, GRP78 facilitates translocation of
nascent proteins into the ER lumen, proper folding of substrate proteins, and degradation of
misfolded proteins via ERAD. Recent evidence has demonstrated that the physiological
activity of GRP78 is particularly important for neuronal survival. For example, specific
deletion of the grp78 gene from Purkinje cells induced apoptotic cell death (Wang et al.,
2009). Using a proteomic approach, Dall’ Agnol et al. (2006) found that Grp78 can be S-
nitrosylated in colonic epithelial cells. It will be important to test whether or not S-
nitrosylation of Grp78 regulates NO-mediated protein misfolding and neurotoxocity in
neurodegenerative disorders.

Potential contribution of protein nitration to protein misfolding

NO also rapidly reacts with superoxide anion generated from both mitochondrial and non-
mitochondrial sources (e.g., NADPH oxidase) to form the very toxic product peroxynitrite
(ONOQ") (Beckman et al., 1990; Lipton et al., 1993). Peroxynitrite can precipitate disulfide
bond formation between cysteine residues or another protein post-translational modification,
i.e., nitration of tyrosine residues, which may also potentially contribute to dysfunctional
protein folding and neuronal cell injury. For instance, nitration of a-synuclein and tau
affects oligomer formation /n vitro. Administration of nitrated a-synuclein into rat brain
results in loss of dopaminergic neurons, suggesting that nitrated a-synuclein may play a role
in the pathogenesis of PD (Yu et al., 2010). Moreover, it has been reported that nitrated a.-
synuclein and tau accumulate in inclusion bodies in PD and in neurofibrillary tangles in AD
brains, respectively (Giasson et al., 2000; Reynolds et al., 2007; Reynolds et al., 2006;
Uversky et al., 2005). Collectively, these findings support the proposition that S-
nitrosylation of cysteine residues and possibly nitration of tyrosine residues can influence
protein aggregation and neurotoxicity.

S-Nitrosylation of Drpl mediates mitochondrial fission and synaptic loss

NO has also been reported to regulate mitochondrial function via several pathways. Under
physiological conditions, the NO-cGMP pathway, through peroxisome proliferator-activated
receptor -y coactivator 1a (PGC-1a), induces mitochondrial biogenesis, an event comprised
of fission events that produce new mitochondria (Nisoli et al., 2003). In contrast, increased
nitrosative stress can result in defects in mitochondrial function. For example, NO/S-
nitrosylation affects mitochondrial respiration by reversibly inhibiting complexes | and 1V
(Borutaite and Brown, 2006; Burwell et al., 2006; Chinta and Andersen, 2006; Chinta et al.,
2007; Cleeter et al., 1994; Clementi et al., 1998; Dahm et al., 2006; Hsu et al., 2005). In
turn, this effect could contribute to brain aging and pathological conditions associated with
neurodegenerative diseases.

Additionally, increased nitrosative stress can elicit dysfunction of mitochondrial dynamics
(comprised of normal fission and fusion events) (Barsoum et al., 2006; Bossy-Wetzel and
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Lipton, 2003; Yuan et al., 2007). The fission/fusion machinery proteins are known to
maintain mitochondrial integrity, insuring the continued production of ATP at critical
locations within neurons. Although the exact mechanism whereby NO contributes to
excessive fragmentation of mitochondria remains incompletely understood, our recent
findings have shed light on the molecular events underlying this relationship, particularly in
AD. Specifically, we have recently discovered histological and chemical evidence that S-
nitrosylation can hyperactivate the mitochondrial fission protein Drpl (dynamin related
protein 1). Overstimulation of this GTPase results in excessive mitochondrial fission/
fragmentation. We also found that this degree of mitochondrial fragmentation results in
bioenergetic impairment, synaptic damage, and eventually frank neuronal loss in models of
AD (Cho et al., 2009).

We found that NO results in S-nitrosylation of Drpl at Cys644 (Cho et al., 2009). Cys644
resides within the GED domain of Drpl, which influences both GTPase activity and
oligomer formation of Drpl (Low and Lowe, 2006; Pitts et al., 2004; Ramachandran et al.,
2007; Zhu et al., 2004). S-Nitrosylation of Drp1 (forming SNO-Drp1) induces formation of
Drp1 dimers, which contribute to tetramers and higher order structures of Drp1, and
activates Drpl GTPase activity. We also found that exposure to oligomeric Ap peptide
results in formation of SNO-Drpl in cell culture models. Moreover, we and others have
observed that Drp1l is S-nitrosylated in the brains of virtually all cases of sporadic AD (Cho
et al., 2009; Wang et al., 2009). In order to determine the consequences of S-nitrosylation of
Drp1 in neurons, we exposed cultured cerebrocortical neurons to the physiological NO
donor, S-nitrosocysteine (SNOC), or to AP oligomers and found that both induced SNO-
Drp1 formation and led to the accumulation of excessively fragmented mitochondria.
Moreover, mutation of a specific cysteine residue in Drpl (C644A) prevented these effects
of SNOC or Ap on mitochondrial fragmentation, consistent with the notion that SNO-Drp1
triggered excessive mitochondria fission or fragmentation. Finally, in response to Ap, SNO-
Drpl—induced mitochondrial fragmentation resulted in synaptic damage and loss, an early
characteristic feature of AD; eventually this insult led to apoptotic neuronal cell death.
Importantly, blockade of Drp1 nitrosylation (using the Drp1(C644A) mutant) prevented Ap-
mediated synaptic loss and neuronal cell death, implying causality of the nitrosylation event
with synaptic damage. Moreover, electron-microscopic studies have described an increase in
mitochondrial fragmentation in human AD brains, supporting our notion that NO-mediated
excessive mitochondrial fragmentation may play a role in the pathogenesis of AD
(Baloyannis, 2006; Hirai et al., 2001; Wang et al., 2009). Taken together, these studies
suggest that SNO-Drpl may represent a potential therapeutic target to protect neurons and
their synapses in AD.

Transnitrosylation of XIAP regulates caspase-dependent cell death

The caspase family of cysteine proteases often mediates neuronal apoptotic cell death via
induction of proteolysis. Caspases participate in the degradation of a variety of neuronal
proteins, including APP, presenilins, and synaptic proteins, which may contribute to
synaptic dysfunction and neuronal cell death (Ankarcrona et al., 1995; Bonfoco et al., 1995;
Chan and Mattson, 1999; Friedlander, 2003; Lu et al., 2000; Mattson, 2000). In contrast,
inhibitor of apoptosis proteins (IAPs) represent important regulators of apoptosis through
their ability to repress the catalytic activity of caspases-3/7/9 (Eckelman et al., 2006;
Salvesen and Duckett, 2002). XIAP can directly bind and inhibit the catalytic activity of
these apoptotic caspases (Fuentes-Prior and Salvesen, 2004). Additionally, the RING
domain of XIAP can act as an E3 ligase, functioning in ubiquitination and subsequent
degradation of heterologous substrates that include caspases, other I1AP proteins, and XIAP
itself (MacFarlane et al., 2002; Schile et al., 2008; Suzuki et al., 2001; Vaux and Silke,
2005; Yang et al., 2000).
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Recently, we discovered that pathophysiological levels of NO can S-nitrosylate the RING
domain of XIAP (Nakamura et al., 2010), resulting in a small but definitive conformational
change to the RING structure, thus decreasing E3 ubiquitin ligase activity and preventing
XIAP from inhibiting apoptosis by degrading caspases. Using an advanced mass
spectrometry technique, we found that Cys450 in the RING domain of XIAP is the target of
NO. Critically, mutation of Cys450 in XIAP prevented accumulation of caspase-3 and
enhanced neuronal survival. This finding is consistent with the notion that S-nitrosylated
XIAP (or SNO-XIAP) mediates apoptotic cell death at least in part by inhibition of XIAP E3
ligase-mediated degradation of capsase-3, resulting in relatively increased levels of
caspase-3. We further found that SNO-XIAP accumulates in neurons stimulated with
neurotoxic levels of NMDA and in the brains of patients undergoing neurodegeneration in
AD and PD. Thus, these results indicate that SNO-XIAP regulates caspase activity and
contributes to neuronal injury or death in a number of neurodegenerative diseases.

Additionally, we discovered a novel mechanism whereby S-nitrosylated caspase-3
transnitrosylates XIAP to produce SNO-free/active caspase-3 and SNO-XIAP. We
developed evidence that the transnitrosylation reaction from caspase-3 to XIAP would
proceed under /n vivo conditions by calculating the relative redox potential (A£°") using a
modification of the Nernst equation and calculating the associated change in Gibbs free
energy (AG°"). XIAP is known to directly bind only to the cleaved form of caspase-3, not to
the pro-form. We found that XIAP received an NO group from the cleaved form of
caspase-3 but not from the proform, suggesting that the direct interaction between XIAP and
active caspase-3 is required for transnitrosylation. This result is also consistent with previous
findings that only cleaved caspases are selectively de-nitrosylated in apoptotic cells
(Mannick et al., 1999). Thus, transnitrosylation of XIAP by caspases provides an additional
mechanism for proapoptotic signaling. In general, we feel that the discovery of additional
transnitrosylation reactions among various proteins will emerge as a central theme of cell
regulation, and this may well represent the predominant form of nitrosylase enzyme activity
in cells. For example, we recently also found that the kinase Cdk5 has dual enzyme activity,
not only acting to phosphorylate substrates but also functioning as a nitrosylase to
transnitrosylate specific proteins. In our case, we found that Cdk5 could be S-nitrosylated
itself and then transfer its NO group to Drp1, resulting in hyperactivation of Drpl,
mitochondrial fragmentation, and synaptic damage, as described above (Qu et al., 2011)

Conclusions

Excessive NMDAR activation and/or mitochondrial dysfunction, resulting in nitrosative and
oxidative stress, may potentially contribute to the sporadic form of neurodegenerative
diseases. These pathological processes can result in dysfunction of the UPS and molecular
chaperones, thus contributing to abnormal protein accumulation and neuronal damage. In
this review, we describe a mechanistic link between free radical production, protein
misfolding, abnormal mitochondrial dynamics, and neuronal synaptic and cell injury in
neurodegenerative disorders such as PD and AD. Although numerous studies support the
importance of nitrosative stress in age-associated neurodegenerative diseases, the underlying
mechanism(s) are only now emerging in /n vivo models. Along these lines, our elucidation
of NO-mediated S-nitrosylation of parkin, PDI, Drpl, Cdk5, and XIAP, among other
proteins, in animal models of neurodegenerative diseases may be one such mechanism. This
discovery may point the way to new therapeutic targets for drug development to prevent
aberrant protein misfolding and excessive mitochondrial fission by targeted disruption of
aberrant S-nitrosylation of specific proteins.
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Fig. 1.

Possible mechanisms whereby NO signaling regulates neuronal function. Hyperactivation of
neuronal NMDARs can induce activation of neuronal NO synthase (nNOS) and thus
production of NO. Glial cells (astrocytes and microglia) can also generate NO via iNOS
expression or ROS-dependent inhibition of astrocytic glutamate uptake, which then activates
neuronal NMDARs (Akama and Van Eldik, 2000; Lauderback et al., 1999; Li et al., 2009;
Weldon et al., 1998). Additional mechanisms, such as mitochondrial dysfunction, may exist
to promote NO production in the nervous system. Endothelial cells in the CNS vascular
niche may also produce NO. NO thus generated can trigger formation of S-nitrosylated
proteins. NO also activates soluble guanylate cyclase (sGC) to produce cGMP, which can
activate cGMP-dependent protein kinase. Peroxynitrite (ONOO™), derived from reaction of
NO and superoxide anion (O,™), can nitrate tyrosine residues to form 3-nitrotyrosine.
Physiological levels of NO mediate neuroprotective effects, at least in part, by S-
nitrosylating the NMDAR and caspases, thus inhibiting their activity. NO can also promote
neuronal development via S-nitrosylation of HDAC2. In contrast, we and others have
mounted evidence that overproduction of NO can be neurotoxic via S-nitrosylation of
parkin, PDI, GAPDH, MMP-2/9, Cdk5, and Drpl. For instance, S-nitrosylated parkin and
PDI contribute to neuronal cell injury by triggering accumulation of misfolded proteins, and
S-nitrosylation of Drpl causes excessive mitochondrial fragmentation and thus synaptic
damage in neurodegenerative conditions. Additionally, since HSP-90 is a molecular
chaperone and XIAP is a ubiquitin E3 ligase, S-nitrosylation of these proteins may
contribute to protein misfolding and accumulation in degenerating neurons.
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Representative examples of S-nitrosylated proteins in neurons or brains

S-Nitrosylated proteins

Effect of S-nitrosylation

Ref.

Decreased protease activity

(Dimmeler et al., 1997; Mannick et al., 1999; Mannick et al.,

Increased spine loss and neuronal injury

Caspases Suppression of cell death 2001; Tenneti et al., 1997)
Activation of activity .
cox-2 Mediates NMDA excitotoxicity (Tian et al., 2008)
Activation of GTPase .
Dexrasl Regulation of iron homeostasis (Cheah et al., 2006; Fang et al., 2000)
Activation of GTPase
Drpl Excessive mitochondrial fragmentation (Cho et al., 2009)

N-Ethylmaleimide sensitive factor

Enhanced interaction with GIuR2
Regulation of exocytosis

(Huang et al., 2005; Matsushita et al., 2003)

Enhanced interaction with Siahl

Augmentation of cell death

GAPDH Activation of p300/CBP (Hara et al., 2005; Sen et al., 2008)
Augmentation of cell death

e eslon WOSAPOH | seneta, 200

Rokses HDACRIom dwomai | (ot e, 2005

MAP1B Enhanced Interaction with microtubles | (stroissnigg et al., 2007)

MMP-9 Activation (Guetal., 2002)

NMDAR (NR1 and NR2A)

Inhibition of
Suppression of neuronal cell death

(Choi et al., 2000; Lipton et al., 1993)

Decrease in E3 ligase activity

Augmentation of cell death

Parkin Augmentation of cell death (Chung et al., 2004; Yao et al., 2004)
Decreased activity
PDI Accumulation of misfolded proteins (Uehara et al., 2006)
Augmentation of cell death
PrxIl Decreased peroxidase activity (Fang et al., 2007; Romero-Puertas et al., 2007)

Serine racemase

Inhibition of enzymatic activity
Decrease in D-serine levels

(Mustafa et al., 2007)

Increased binding to GIuR1

Augmented cell death

Stargazin Increased surface expression of AMPAR (Selvakumar et al., 2009)
Activation of TRP channels .
TRPC5 Elicitation of Ca?* entry (Yoshida et al., 2006)
XIAP Decreased E3 ligase activity (Nakamura et al., 2010; Tsang et al., 2009)
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