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Inflammation increases the abundance of inducible nitric oxide synthase (iNOS), leading to
enhanced production of nitric oxide (NO), which can modify proteins by S-nitrosylation.
Enhanced NO production increases the activities of the transcription factors p53 and nuclear factor
kB (NF-xB) in several models of disease-associated inflammation. S-Nitrosylation inhibits the
activity of the protein deacetylase SIRT1. SIRT1 limits apoptosis and inflammation by
deacetylating p53 and p65 (also known as RelA), a subunit of NF-kB. We showed in multiple
cultured mammalian cell lines that NO donors or inflammatory stimuli induced S-nitrosylation of
SIRT1 within CXXC motifs, which inhibited SIRT1 by disrupting its ability to bind zinc.
Inhibition of SIRT1 reduced deacetylation and promoted activation of p53 and p65, leading to
apoptosis and increased expression of proinflammatory genes. In rodent models of systemic
inflammation, Parkinson’s disease, or aging-related muscular atrophy, S-nitrosylation of SIRT1
correlated with increased acetylation of p53 and p65 and activation of p53 and NF-xB target
genes, suggesting that S-nitrosylation of SIRT1 may represent a proinflammatory switch common
to many diseases and aging.

INTRODUCTION

Nitric oxide (NO) exerts physiological effects in most cell types and tissues. NO is produced
by three isoforms of NO synthase (NOS) that are widely distributed: inducible NOS (iNOS),
neuronal NOS (nNOS), and endothelial NOS (eNOS). iNOS- and nNOS-derived NO are
frequently implicated in the pathogenesis of aging-related disorders, including type 2
diabetes (1, 2), neurodegeneration (3-5), atherosclerosis (6), and muscle atrophy (7, 8).
These divergent pathologies commonly involve nuclear factor kB (NF-xB)-mediated
inflammation and p53-mediated apoptosis (9, 10). The effects of NO on inflammation and
apoptosis are mediated primarily through S-nitrosylation (the covalent attachment of NO to
cysteine thiols) of proteins, including NF-xB- and p53-related proteins (11-15). Thus,
increased S-nitrosylation may contribute to cellular injury (termed nitrosative stress) (16) in
many inflammatory conditions. Furthermore, co-morbidities are frequently observed among
aging-related disorders, suggesting that these disorders could have common mechanisms,
perhaps involving nitrosative stress.

Sir2 family proteins (known as sirtuins) are nicotinamide adenine di-nucleotide (NAD*)-
dependent histone deacetylases (HDACS) that are conserved from bacteria to humans.
Human SRT1 is the closest homolog of the yeast gene SR2 (17). In addition to lysine
deacetylation, some sirtuins, including SIRT1, exhibit mono—adenosine diphosphate (ADP)-
ribosyltransferase activity (17, 18), although the biological role of this activity is not fully
understood (18). Deletion of SIR2 decreases the life span of yeast (19). In mammals, SIRT1
plays a crucial role in regulating multiple cellular processes, including apoptosis, cellular
senescence, and inflammation (20-24). Dysregulation of SIRT1 activity is implicated in a
number of mouse models of aging-related disorders, including type 2 diabetes (25),
Alzheimer’s disease (26), and muscle wasting (27). Activation of SIRT1 ameliorates
symptoms in these models (25-29), whereas inhibition of SIRT1 exacerbates obesity-
induced insulin resistance and diabetes in mice (30-31).
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SIRT1 deacetylates several transcriptional factors including p53 (22, 23), the p65 (also
known as RelA) subunit of nuclear factor-xB (NF-xB) (20, 24), and peroxisome
proliferator—activated receptor-y coactivator-1a (PGC-1a) (32). The prototypic form of NF-
kB is a dimer consisting of p65 and p50 or p52 subunits. Acetylation of p65, which contains
a transcriptional activation domain and a DNA binding domain, increases transcriptional
activity of NF-kB. Deacetylation by SIRT1 inhibits p53 and NF-«B activities, suppressing
apoptosis and inflammation (20, 22, 23). p53 and p65 are also deacetylated and thereby
inhibited by class | and class Il HDACs (33, 34).

The catalytic domain of Sir2 family HDACs contains two adjoining, phylogenetically
conserved Cys-X-X-Cys (CXXC) motifs (Fig. 1A). S-Nitrosylation of the CXXC motif of
SIRT1 by NO generated by nNOS inactivates SIRT1, increasing the abundance of acetylated
PGC-1a (35), which is deacetylated exclusively by SIRT1 (32). Thus, S-nitrosylation of
SIRT1 may decrease its ability to deacetylate additional substrates, including p53 and p65.

The effects of NO on the activities of p53 and NF-xB have been studied primarily under
conditions of nitrosative stress. Nitrosative stress activates p53 through an unknown
mechanism, leading to apoptosis (36, 37). In cultured cells, iINOS-induced S-nitrosylation of
p65 and upstream signaling molecules, in particular, inhibitory xB kinase (IKK), decreases
NF-kB activity (12-14). iINOSis an NF-«xB target gene (38), suggesting that inhibition of
NF-xB by iNOS may be a negative feedback mechanism. Conversely, in most rodent
models of human diseases that involve increased production of NO, including ischemia-
reperfusion injury, genetic or pharmacological inhibition of iNOS decreases NF-xB activity
(39-42). Thus, NO can increase or decrease NF-xB activity, presumably dependent on
cellular context and target genes.

Here, we demonstrated in cultured cells that NO increased the acetylation of p53 and p65
and activated p53- and NF-xB-dependent transcription by suppressing SIRT1-mediated
deacetylation as a result of S-nitrosylation within the CXXC motifs of SIRT1. S-
Nitrosylation inactivated SIRT1 by disrupting Zn2* binding. S-Nitrosylation of SIRT1 was
associated with increased acetylation of p53 and p65 in three rodent models of human
diseases—endotoxemia, Parkinson’s disease, and sarcopenia—each of which involves NO,
p53, and NF-xB (3-5, 7, 8, 10, 43-53). Thus, S-nitrosylation of SIRT1 may represent a
common mechanism for the regulation of inflammation and apoptosis in multiple
inflammatory and degenerative disorders.

S-Nitrosylation of CXXC motifs reversibly inactivates SIRT1

S-Nitrosylation of the CXXC motif of SIRT1 is associated with increased acetylation of
PGC-1a (35). To test directly whether S-nitrosylation of the CXXC motif abolishes the
catalytic activity of SIRT1, we evaluated the NAD*-dependent deacetylase activity of
SIRT1 in vitro with synthetic acetylated peptides. We also assessed the in vitro ADP-
ribosyltransferase activity of SIRT1 with recombinant histone H3. We generated mutants of
FLAG-tagged SIRT1 in which cysteines in the first (SIRT1M1), second (SIRT1M2), or both
first and second (SIRT1M3) CXXC motifs were replaced by serines (Fig. 1, A and B). We
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expressed FLAG-tagged wild-type or mutated SIRT1 in COS-7 cells, performed
immunopurification for the FLAG tag, and tested the deacetylase and ADP-
ribosyltransferase activities of SIRT in vitro in the presence of excess NAD*. We found that
substituting one or both CXXC motifs with SXXS eliminated the ability of SIRT1 to
deacetylate synthetic peptides (Fig. 1B). In addition, FLAG-SIRT1, but not FLAG-
SIRT1M3  was able to ribosylate recombinant histone H3 in vitro (fig. S1A). FLAG-
SIRT1G261A which is deficient in ribosylase activity but has deacetylase activity (17), did
not ribosylate recombinant histone H3 (fig. S1A).

Oxidative stress often accompanies nitrosative stress (54-56), and oxidative stress can
enhance NO-mediated S-nitrosylation (57, 58). Human and mouse SIRT1 each contain 19
cysteine residues. To determine whether or not cysteine residues other than those in the
CXXC motifs are S-nitrosylated, we exposed COS-7 cells with the NO donor S-nitroso-N-
acetylpenicillamine (SNAP) in the presence of carmustine (also known as BCNU).
Carmustine inhibits glutathione reductase (59) and enhances S-nitrosylation (57, 58), and
thus was used to facilitate S-nitrosylation of SIRT1. For the detection of S-nitrosylated
cysteines, we used the “biotin-switch” method in the presence of ascorbate. This method
promotes the conversion of S-nitrosothiols (SNO) into biotinylated thiols (57, 60).
Consistent with a previous report (35), we found that wild-type SIRT1, but not SIRT1M3,
was S-nitrosylated in COS-7 cells exposed to SNAP and carmustine (Fig. 1C), confirming
that the CXXC motifs are the major S-nitrosylation site in SIRT1. We found that incubating
recombinant SIRT1 in vitro with SNAP without carmustine induced S-nitrosylation and
reduced the ability of SIRT1 to deacetylate synthetic peptides (Fig. 1, D and H). Incubating
recombinant SIRT1 with dithiothreitol (DTT), which reduces both nitrosylated and oxidized
thiols (SOX) (61, 62), reversed SNAP-induced S-nitrosylation and inactivation of SIRT1
(Fig. 1, D and H and fig. S1B).

The CXXC motif in some proteins is a target of SOX, such as the formation of disulfide
bonds and sulfenic acid (63). NO donors can cause S-oxidation reactions in addition to S-
nitrosylation (64). Ascorbate decomposes SNO but not SOX (57, 60), whereas DTT reduces
both SNO and SOX (61, 62). The biotin-switch method using ascorbate detects S-
nitrosylated proteins by converting SNO, but not SOX, into biotinylated thiols (57, 60). In
contrast, when DTT is used in lieu of ascorbate, both SNO and SOX are detected as
biotinylated thiols (62, 65). Thus, we can differentially detect SNO alone using ascorbate,
and total of SNO and SOX using DTT in the biotin-switch method (fig. S2A). We found that
exposure of COS-7 cells to SNAP in the presence of carmustine increased both SNO-FLAG-
SIRT1 alone and the total of SNO-FLAG-SIRT1 and SOX-FLAG-SIRT1 to a similar extent
(fig. S2B). In contrast, SNAP exposure in the presence of carmustine did not increase SNO-
FLAG-SIRT1M3 or the total of SNO-FLAG-SIRT1M3 and SOX-FLAG-SIRT1MS (fig. S2B).
To further study whether SNAP and carmustine increase SOX-FLAG-SIRTL, we
decomposed SNO-FLAG-SIRT1 by preincubation of the cell lysates with ascorbate and then
detected SNO-FLAG SIRTL1 by the biotin-switch method using DTT (fig. S2C). When the
cell lysates were preincubated with ascorbate, biotinylated FLAG-SIRT1 was not detected,
indicating that there was little, if any, SOX-FLAG-SIRT1 induced by exposure to SNAP and
carmustine. Like ascorbate, HgCl, also specifically decomposes SNO (66). To further
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corroborate the specificity of the biotin-switch method for detecting S-nitrosylation, we
preincubated the cell lysates with HgClI, before the biotin-switch method using ascorbate
and found that the preincubation with HgCl, abolished the detection of biotinylated FLAG-
SIRT1 from COS-7 cells exposed to SNAP and carmustine (fig. S3A). In contrast, when we
omitted ascorbate in the biotin-switch procedure, biotinylated FLAG-SIRT1 was not
detected, indicating ascorbate-dependent detection of SNO-SIRT1 (fig. S3B). Thus, S-
nitrosylation of the CXXC motif is likely to be the major modification of SIRT1 in response
to NO.

To study the biological effects of NO donor, such as apoptotic changes, we exposed the cells
to GSNO, a major intracellular SNO donor, without adding carmustine. SNAP and GSNO
have different half-lives and cell permeabilities (67). We found that FLAG-SIRT1 from cells
grown in the presence of GSNO was S-nitrosylated and had reduced ability to deacetylate
synthetic peptides in vitro compared to that isolated from cells grown in control media (Fig.
1E). Moreover, using DTT to reduce FLAG-SIRT1 isolated from GSNO-exposed COS-7
cells reversed S-nitrosylation and restored deacetylase activity (Fig. 1E).

Two adjoining CXXC motifs serve as a Zn2* finger in many proteins, including steroid
nuclear receptors (68). Whereas Zn2* bound to wild-type recombinant SIRT1 or
immunopurified FLAG-SIRT1 (Fig. 1F and fig. S4A), Zn2* did not bind to immunopurified
FLAG-SIRT1M3 (Fig. 1F). Furthermore, adding SNAP to ZnZ*-bound recombinant SIRT1
reduced Zn2* binding (Fig. 1G). The Zn2* chelator N,N,N’,N’-tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN), but not the Ca2* chelator EGTA, prevented the
ability of DTT to restore the deacetylase activity of recombinant SIRT1 exposed to SNAP
(Fig. 1H and fig. S4B) or GNSO (fig. S4C). Likewise, TPEN prevented the ability of DTT
to restore the ability of S-nitrosylated recombinant SIRT1 to deacetylate recombinant
histone H3 (fig. S4D). In the absence of NO donors, TPEN was less effective than SNAP at
suppressing the deacetylase activity of recombinant SIRT1 (fig. S4E), indicating that unlike
the NO donors, TPEN alone cannot fully inactivate SIRT1. This suggests that Zn2* binding
to SIRT1 may be relatively stable even in the presence of TPEN unless S-nitrosylation of the
CXXC motif releases Zn2*. Thus, S-nitrosylation of the CXXC motif disrupts Zn2* binding
and thereby inactivates SIRTL.

S-Nitrosylation of SIRT1 increases the acetylation and activation of p53, leading to cell

death

We and others have shown that inhibition of SIRT1 reduces cell viability in the absence or
presence of DNA-damaging agents (22, 23, 69). NO causes p53-dependent apoptotic cell
death (36, 37), and acetylation of p53 increases its transcriptional activity (70, 71).
Expression of SIRT1M3 in COS-7 cells decreased viability and enhanced the ability of
etoposide (fig. S5A) or bleomycin (fig. S5B) to reduce viability, suggesting that SIRT1M3
exerts a dominant negative effect on endogenous SIRT1. Expression of SIRT1IM3 or
catalytically inactive SIRT1H355Y (22, 23) in COS-7 cells increased the abundance of
acetylated p53 in the presence or absence of bleomycin (Fig. 2A). Overexpressing wild-type
SIRT1 in COS-7 cells decreased the basal amount of acetylated p53, and this effect was
reversed by exposing cells to GSNO (fig. S6A).
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We also examined the NO-induced changes in the acetylation of p53 and apoptosis in the
non-small-cell lung carcinoma cell line H1299, which does not express endogenous p53.
Exposing H1299 cells transfected with a plasmid encoding p53 (Fig. 2B and fig. S6B) to
GSNO increased the abundance of acetylated p53, similar to exposing COS-7 cells to SNAP
(fig. S6C). Exposing H1299 cells expressing exogenous wild-type p53 to GSNO increased
the abundance of cleaved poly(ADP-ribose) polymerase 1 (PARP1) (Fig. 2B and figs. S6D
and S7A) and caspase-3 (fig. S7A) and reduced the number of cells (fig. S7B), consistent
with the activation of apoptosis. Acetylation of Lys382 in p53 increases the ability of p53 to
activate transcription (70, 71), and this residue is the major site targeted by SIRT1 (22, 23).
Thus, we tested whether acetylation of Lys382 was required for the ability of NO to reduce
cell viability. We transfected H1299 cells with plasmids encoding wild-type p53 or K382A
p53 (72). Exposing cells to GSNO increased the acetylation of wild-type, but not K382A,
p53 (fig. S7C). Furthermore, GSNO or SNAP decreased the viability of H1299 cells
expressing wild-type, but not K382A, p53 (fig. S7C).

NO signals through cyclic guanosine monophosphate (cGMP)- or S-nitrosylation—
dependent mechanisms (73). Exposing H1299 cells expressing p53 to a cell-permeable
cGMP analog (8-bromo-cGMP) did not increase the abundance of acetylated p53 (Fig. 2B)
or decrease cell viability (fig. S8A). Moreover, exposing COS-7 cells to an inhibitor of
soluble guanylyl cyclase, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) (74), did not
decrease the ability of GSNO to increase the abundance of acetylated p53 or cleaved PARP1
(fig. S8B) or decrease the viability (fig. S8A) of p53-expressing H1299 cells, suggesting that
NO-induced acetylation of p53 is independent of cGMP. In contrast to GSNO, neither
reduced (GSH) nor oxidized glutathione (GSSG) increased p53 acetylation or PARP1
cleavage (Fig. 2B and fig. S8A), supporting the specificity of the NO-induced effects of
GSNO.

To investigate the role of the CXXC motif of SIRT1 in the inhibition of deacetylation of
p53, we expressed wild-type SIRT1 or SIRTIM3 in COS-7 cells with small interfering RNA
(siRNA)—mediated knockdown of endogenous SIRT1. Knockdown of SIRT1 increased the
abundance of acetylated p53 in unstimulated cells, and reconstitution with wild-type SIRT1,
but not with SIRT1M3, decreased the abundance of acetylated p53 in these cells (Fig. 2C).
GSNO increased the abundance of acetylated p53 in cells with SIRT1 knockdown that
expressed exogenous wild-type SIRTZ, but not SIRT1IM3 (Fig. 2D). These results suggest
that GSNO s likely to increase p53 acetylation by S-nitrosylation of the CXXC motif in
SIRT1.

In addition to SIRT1, a class 111 HDAC, class | and class Il HDACs can deacetylate p53 (33,
34). Thus, we tested whether trichostatin A (TSA), a specific inhibitor of class | and class I1
HDAC:Ss (75), increased the acetylation of p53 in cells exposed to GSNO or with knockdown
of SIRT1. Exposing COS-7 cells to GSNO and TSA increased the abundance of acetylated
p53 to a greater extent than did GSNO or TSA alone (Fig. 2E). If the inhibition of SIRT1
does not play a major role in the effect of GSNO on the abundance of acetylated p53 and if
the inhibition of class | and class Il HDACs has an important role, then GSNO could
increase the abundance of p53 acetylation in SIRT1-deficient cells. However, we observed
that SIRT1 knockdown and exposure to GSNO increased the abundance of acetylated p53 to
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a comparable extent in COS-7 cells (Fig. 2F), and that GSNO failed to further increase the
abundance of acetylated p53 in COS-7 cells with SIRT1 knockdown (Fig. 2F). These results
suggest that SIRT1 is required for the GSNO-induced increase in the abundance of p53
acetylation in COS-7 cells. However, TSA increased the abundance of acetylated p53 in
COS-7 cells with knockdown of SIRT1 (Fig. 2F), suggesting that inhibition of SIRT1 is the
major contributor to the increased abundance of p53 by GSNO in COS-7 cells, but both
SIRT1 and other HDAC:s influence the acetylation of p53.

Inflammatory disease is associated with activation of iINOS and p53-dependent cell death
(54, 76, 77). Therefore, we investigated the role of INOS in SIRT1-dependent deacetylation
of p53. Overexpressing iINOS in COS-7 cells increased the abundance of S-nitrosylated
SIRT1 and acetylated p53, and these effects could be reversed by an inhibitor of iNOS (L-
NIL) (78) (fig. S9A). Moreover, stimulating C2C12 myotubes, which activate INOS
expression in response to inflammatory stimuli (79), with a mixture of proinflammatory
molecules, including lipopolysaccharide (LPS), tumor necrosis factor—-a (TNF-a), and
interferon-y (IFN-vy), increased the abundance of S-nitrosylated SIRT1 and acetylated p53
and the ability of p53 to bind to target DNA, and these effects could be reversed by L-NIL
(Fig. 2G and fig. S9B). Likewise, a second iNOS inhibitor (1400W) (80) prevented the
ability of the mixture of LPS and cytokines to increase the acetylation of p53 in C2C12
myotubes (fig. S9C).

We also tested the role of iNOS in mouse hepatoma Hepalclc? cells, which induce iNOS
expression in response to inflammatory stimuli (81). In Hepalclc? cells transfected with
siRNAs targeting iNOS, the mixture of LPS and cytokines did not increase the release of
nitrite into the media (fig. S9D) or the abundance of S-nitrosylated SIRT1 or acetylated p53
compared to Hepalclc? cells transfected with control siRNAs (Fig. 2H and fig. S9, E and
F). Thus, activation of inflammatory signaling causes iNOS-dependent S-nitrosylation of
SIRT1 that inhibits the deacetylation of p53.

S-Nitrosylation of SIRT1 increases the acetylation and activation of p65

In addition to p53, SIRT1 deacetylates p65, thereby attenuating the activity of NF-xB (20,
24). NO and iNOS can either increase or decrease NF-xB activity depending on the cellular
context or pathophysiological condition (12-14, 39-42). Similar to p53, the abundance of
acetylated p65 was increased in COS-7 cells grown in the presence of GSNO or SNAP
compared to cells grown in control media (Fig. 3, A and B). p65 is deacetylated by class |
and class Il HDACs in addition to SIRT1 (34), and exposing COS-7 cells to TSA increased
the abundance of acetylated p65 in the presence or absence of GSNO (Fig. 3B). Moreover,
exposing C2C12 myotubes to LPS and cytokines increased the abundance of S-nitrosylated
SIRT1 (Fig. 3C) and acetylated p65 (Fig. 3D and fig. S10), the ability of p65 to bind to
target DNA (Fig. 3E), and the expression of NF-kB target genes (Fig. 3F), and exposure to
L-NIL inhibited these effects. We confirmed the increased ability of LPS and cytokines to
induce iNOS-derived NO generation by measuring nitrite accumulation in the culture media
of C2C12 myotubes (Fig. 3G). COS-7 cells with knockdown of SIRT1 had increased
abundance of acetylated p65 that was further increased by exposure to TSA, but not GSNO
(Fig. 3H). Thus, S-nitrosylation of SIRT1 inhibits the deacetylation of p65.
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iNOS deficiency prevents endotoxin-induced S-nitrosylation of SIRT1 and acetylation of
p53 and p65

Endotoxemia is implicated in multiple age-related diseases, including type 2 diabetes,
Parkinson’s disease, atherosclerosis, and muscle wasting (82-85). Furthermore, the
prevalence of systemic inflammatory response syndrome (SIRS) appears to be greater in the
elderly population (86), and SIRS can be modeled in mice by injection of endotoxins, such
as LPS (87). To investigate the relevance of NO in SIRS, we examined the effects of LPS
injection in iINOS knockout mice (88). LPS injection increased the abundance of iNOS and
cleaved caspase-3 in the liver of wild-type mice, but not iNOS knockout mice (Fig. 4, A to
C). Moreover, LPS increased the S-nitrosylation of SIRT1, the abundance of acetylated p53
and p65, the binding of p53 and p65 to target DNA, and the expression of p53 and NF-xB
target genes in the liver of wild-type mice, but not iNOS knockout mice (Fig. 4, D to F, and
fig. S11).

S-Nitrosylation of SIRT1 parallels acetylation of p53 and p65 in a mouse model of
Parkinson’s disease

NO, p53, and NF-xB play important roles in neurodegenerative disorders, including
Parkinson’s disease (4, 5, 10, 46, 49, 89). In the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced mouse model of Parkinson’s disease, the initial
inflammatory and apoptotic responses cause chronic inflammation and Parkinsonian-like
symptoms (90). Inhibition of either NNOS or iNOS prevents MPTP-induced symptoms (4, 5,
49). However, nNOS activation in neurons precedes activation of iNOS, which occurs
mainly in microglia and astrocytes in this model (49). We injected mice daily with the
nNOS inhibitor 7-nitroindazole (7-NI) for 3 days after injection of MPTP. We analyzed
protein changes in the nigrastriatum at 3 days and behavioral symptoms at 7 days after
MPTP injections. Consistent with previous reports (4, 5), we found that injection of 7-NI
prevented MPTP-induced motor symptoms (bradykinesia) (Fig. 5A) and the reduction of
tyrosine hydroxylase (TH) in the nigrastriatum (Fig. 5B). Neither MPTP nor the
combination of MPTP and 7-NI affected the abundance of nNOS, p53, or p65 (fig. S12, A to
C). However, MPTP increased the abundance of S-nitrosylated SIRT1 and acetylated p53
and p65, and these effects were reversed by injection of 7-NI (Fig. 5, C to F, and fig. S12,
Band C). Moreover, MPTP increased the ability of p53 and p65 to bind target DNA (fig.
S12D) and promote the expression of p53 and NF-xB target genes in an nNOS activity—
dependent manner (fig. S12, E to H). Previous studies have shown that nNOS is not
detectable in TH-positive dopaminergic neurons in the substantia nigra pars compacta (91),
but nNOS is present in neurons in the adjacent substantia nigra pars reticulata (92) and in the
striatum (93). The striatum contains dopamine nerve terminals, a proposed primary target of
MPTP in Parkinson’s disease (5). NO acts as both an intracellular signaling molecule and an
intercellular messenger (94, 95). Thus, our data suggest that nNOS in the striatum or the
substantia nigra pars reticulata may contribute to S-nitrosylation of SIRT1 in the substantia
nigra pars compacta of MPTP-injected mice.
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Increased abundance of iINOS is associated with S-nitrosylation of SIRT1 and acetylation
and activation of p53 and p65 in skeletal muscle of aged rats

Aging-associated inflammation and induction of iNOS are involved in the development of
sarcopenia, an age-related muscle wasting disorder (7, 8). We found that skeletal muscle of
aged rats had increased numbers of TUNEL-positive nuclei, which are indicative of
apoptosis, compared to young rats (Fig. 6A). Moreover, the mRNA abundance of Fasand
FasL (fig. S13A), which encode proteins that induce of apoptosis (96) and are targets of p53
and NF-xB, as well as Atrogin-1 and Murfl (fig. S13B), which encode muscle-specific
ubiquitin ligases involved in muscle wasting and are targets of NF-xB (44, 97), were
increased in skeletal muscle of aged rats compared to young rats. The skeletal muscle of
aged rats had increased abundance of iNOS, S-nitrosylated SIRT1, and acetylated p53 and
p65 (Fig. 6B and fig. S13, C and D). The abundance of p53 (fig. S13C), but not p65 (fig.
S13D), was greater in skeletal muscle of aged rats compared to young counterparts. The
skeletal muscle of aged rats had increased binding of p53 and p65 to target DNA (fig.
S13E).

We gave aged rats daily injections of saline or 1400W for 10 days and found that inhibition
of iINOS decreased the S-nitrosylation of SIRT1, the acetylation and DNA binding of p53
and p65, and the expression of p53 and NF-xB target genes in skeletal muscle (Fig. 6C and
fig. S14), suggesting that INOS may contribute to acetylation and activation of p53 and p65
in skeletal muscle of aged rats, at least in part, by increasing S-nitrosylation of SIRT1.

DISCUSSION

Nitrosative stress involving dysregulated protein S-nitrosylation is implicated in many age-
related inflammatory disorders. SIRT1, p53, and NF-«xB play pivotal roles in inflammation
and apoptosis in conditions characterized by nitrosative stress. Our findings demonstrate that
S-nitrosylation of the CXXC motif in SIRT1 is likely a critical factor in an inflammatory
cascade, comprising activation of iNOS or nNOS, S-nitrosylation of SIRT1, and activation
of p65 (NF-xB) and p53. Thus, aberrant S-nitrosylation of SIRT1 may result in pathologic
activation of p53 and NF-xB to induce apoptosis and inflammation in multiple aging and
degenerative disorders (Fig. 7).

The NO-induced increase in the acetylation of p53 and p65 was SIRT1-dependent in
cultured cells, supporting the notion that CXXC motifs in SIRT1 are a major molecular
target of nitrosative stress. However, class | and class Il HDACs also deacetylate p53 and
p65, and our data do not exclude the possibility that these HDACs may also contribute to
NO-mediated activation of p53 and p65 in vivo.

Comorbidity of inflammation-associated disorders is a hallmark of aging. For example,
individuals with Parkinson’s disease often have muscle atrophy and metabolic endotoxemia
(83). Furthermore, the incidence of nitrosative stress increases with age (98-100). Thus,
common molecular mechanisms such as S-nitrosylation of SIRT1 may underlie the
pathogenesis of age-related disorders.
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Our findings help clarify the molecular mechanisms by which NO causes or enhances
apoptosis and inflammation. p53 plays an important role in NO-induced apoptosis in various
cell types, including hepatocytes and skeletal muscle cells (36, 101). On the basis of studies
using exogenous NO donors, it has been shown that S-nitrosylation can inhibit the binding
of p53 to E3 ubiquitin ligases including MDM2 and HDMZ2, and thereby prevent
degradation of p53 (15). Our data demonstrate that endogenous S-nitrosylation of SIRT1
induced by inflammatory stimuli correlates with p53 activation in multiple
pathophysiological conditions, suggesting that inhibition of deacetylation of p53 may serve
as a critical mechanism by which NO induces apoptosis. NF-xB can have anti- or
proapoptotic functions, and SIRT1-mediated deacetylation of p65 promotes either cell
survival (20) or apoptosis (24). In rodent models of endotoxemia, Parkinson’s disease, and
sarcopenia, activation of NF-xB was associated with apoptotic changes, consistent with
reports indicating that NF-xB activation plays a key role in the pathogenesis of these
conditions (7, 44, 51, 89). NO and iNOS can either increase or decrease NF-«xB activity (11—
14, 39-42). Most studies show that inhibition of iINOS decreases NF-xB activity in rodents
(39-42). However, S-nitrosylation of NF-xB inhibits NF-xB—mediated gene transcription in
human lung carcinoma epithelial A549 cells and mouse macrophage Raw 264.7 cells (13,
14), suggesting that the effects of NO on NF-«xB activity vary depending on cell type, the
cellular context, and possibly the various promoters of NF-«xB target genes. Because NF-xB
drives transcription of the gene encoding iNOS (38), S-nitrosylation of NF-xB was proposed
as a negative feedback mechanism to regulate the abundance of iNOS. Inhibition of NF-xB
signaling by NO is well characterized and may involve S-nitrosylation of p65, p50, or IKK
(12-14). In contrast, much less is known about the manner in which NO enhances NF-xB
activity. One study has suggested that NO may directly activate NF-xB (102). Our finding
that NO can reversibly activate NF-«xB through inhibitory S-nitrosylation of SIRT1,
resulting in enhanced acetylation of p65, identified a positive feedback loop composed of
NF-kB, iNOS, SIRT1, and p65 that enhances and sustains the inflammatory response (Fig.
7.

Concerted activation of p53, NF-xB, and iNOS or nNOS plays a crucial role in the
pathogenesis of inflammatory and degenerative diseases. Pharmacological inhibition or
genetic disruption of iNOS, p53, or NF-«xB prevents LPS-induced liver damage (48, 51, 52)
and skeletal muscle wasting (7, 8, 44, 45, 53). Inhibition or genetic disruption of iNOS or
nNOS, p53, or NF-xB rescues MPTP-induced loss of dopaminergic neurons (4, 5, 10, 49,
89). Apoptosis and inflammation are involved in the development of these conditions. Cell
death, including apoptosis, contributes to both local and systemic inflammatory responses
through the release of damage-associated molecular patterns (DAMPSs) (103). Thus, p53
activation is a likely component of progressive, chronic inflammation. In addition to p53 and
p65, acetylation of PGC-1a, a substrate of SIRTL, reduces its function (32), leading to
mitochondrial dysfunction and subsequent oxidative and nitrosative stress. Therefore, the
increased acetylation of PGC-1a, which decreases its ability to activate transcription and
occurs in conditions that promote S-nitrosylation of SIRT1 (35), may also contribute to NO-
induced inflammation (Fig. 7). Thus, SIRT1 may be a hub for inflammatory and cell death
signaling pathways in aging-related disorders. S-Nitrosylation of SIRTL, in particular, is
increased in multiple inflammatory and aging models, where it may function as a
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proinflammatory switch and may represent a molecular signature of cellular
pathophysiology, including cellular senescence, apoptosis, and inflammation.

MATERIALS AND METHODS

Animals

Plasmids

Reagents

Male C57BL/6 and iNOS knockout mice on C57BL/6 background at 7 weeks of age were
purchased from The Jackson Laboratory. Male F344 rats at 2 months and 23 to 28 months of
age were purchased from Taconic Farms and the National Institute on Aging, respectively.
The study was approved by the Institutional Animal Care Committees of the Massachusetts
General Hospital and University of Texas. In the mouse model of endotoxemia, the mice
received a bolus injection of LPS (27.5 mg/kg, ip) or phosphate-buffered saline (PBS), the
liver was collected at 7 hours after the LPS injection under anesthesia with pentobarbital
sodium (50 mg/kg, ip), and then the animals were euthanized with an overdose of
pentobarbital (200 mg/kg, ip). To induce Parkinsonian syndrome, the mice were injected
four times with MPTP (20 mg/kg, ip) at 2-hour intervals (104). The mice were injected with
7-NI (50 mg/kg, ip) or vehicle, once daily for 3 days starting at 30 min before the first
injection of MPTP. At 3 days after the first injection of MPTP, the brain was excised under
anesthesia, and the nigrastriatum was dissected for biochemical analyses. The tail
suspension test (104) was performed at 7 days after MPTP injection. To study age-related
alterations in skeletal muscle, gastrocnemius muscle was excised under anesthesia from rats
at 2 and 28 months of age. To study the role of iNOS in these age-related alterations, the rats
at 23 months of age were injected daily with 1400W (10 mg/kg, ip) or saline for 10 days.

Mouse SIRT1 complementary DNA (cDNA) (Upstate, #21-198) was subcloned into
pCDNA3.1-N3-FLAG plasmid, provided by A. Yamakawa. cDNAs for SIRT1 mutants
(M1: C363S and C366S; M2: C387S and C390S; M3: C363S, C366S, C387S, and C390S)
were generated by site-directed mutagenesis using a commercial kit (QuikChange Multi
Site-Directed Mutagenesis Kit, Stratagene) and primers (M1: 5’-
CCTTTGCAACAGCATCTTCCCTGATTAGTAAGTACAAAGTTGATTGTG-3; M2: 5/-
GGTAGTTCCTCGGTCCCCTAGGTCCCCAGCTGATGAGC-3’; and M3: M1 and M2
primers). SIRT1 mutants, SIRT1H3%5Y and SIRT1CG261A were also generated using the
following primers: H355Y, 5/-
CAAAGGATCCTTCAGTGTTATGGTTCCTTTGCAACAGC-3; G261A, 5'-
GTTTCTGTCTCCTGTGCGATTCCTGACTTCAGATC-3. pCDNA3.1-iNOS (105) was a
gift from B. C. Kone. pFC-p53 was purchased from Stratagene. p53 K382A (72) was a gift
from S.-C. Lee. pPCDNAS3.1 (Invitrogen) was used as the negative control plasmid in all
experiments. All plasmids were verified by sequencing of the mutation sites.

SNAP, GSNO, L-NIL, and 1400W were purchased from Cayman Chemical. Nicotinamide,
TSA, antibody recognizing FLAG M2, methyl methanethiosulfonate (MMTS), N-

ethylmaleimide (NEM), LPS, ascorbate, dithiothreitol (DTT), streptavidin immobilized on
agarose CL-4B, MPTP, and 7-NI were purchased from Sigma. TNF-a was purchased from
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Roche. IFN-y was purchased from R&D Systems. Maleimide-PEG,-biotin and N-(6-
(biotinamido)hexyl)-3"-(2’-pyridyldithio)-propionamide (biotin-HPDP) were purchased from
Pierce. The antibodies used in this study were acetylated p53 (Lys3"9; #2570), p53 (#9282),
p65 (#4764), histone H3 (#9715), acetylated histone H3 (Lys®; #9649) (Cell Signaling
Technology); acetylated p65 NF-xB (Lys310; Abcam, ab19870); p53 (Santa Cruz
Biotechnology, sc-6243); and SIRT1 (#07-131) and iNOS (#06-573) (Millipore). The
siRNAs used in this study were iNOS (#M-42006-01), SIRT1 (5'-
TGAAGTGCCTCAGATATTA-3'), and a negative control siRNA (5’-
AACACTTGTCACTACTTTCTC-3') (Dharmacon) (69).

H1299, COS-7, C2C12, and Hepalclc7 cells were purchased from the American Type
Culture Collection and cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin at
37°C and 5% CO,. C2C12 myoblasts were differentiated into myotubes by culturing in
DMEM containing 2% horse serum for 7 days. Plasmids were transfected using
Lipofectamine 2000 (Invitrogen), and siRNAs were transfected using Lipofectamine
RNAIMAX (Invitrogen). Cells were exposed to SNAP (300 uM) for 1 to 2 hours or GSNO
(1 mM), TSA (3 uM), GSH (1 mM), GSSG (1 mM), ODQ (3 uM), or Br-cGMP (500 pM)
for 10 to 24 hours. These reagents were added 24 hours after plasmid transfection or 48
hours after siRNA transfection. For experiments involving plasmids and siRNAs, plasmids
were transfected 48 hours after sSiRNA transfection, and small molecules were added 24
hours later. For experiments with SNAP, the culture medium was changed to serum-free
medium; 90 min later, the cells were incubated with 80 uM carmustine for 30 min and then
exposed to SNAP (300 uM) for 2 hours unless otherwise indicated in the figure legends.
Hepalclc? cells were stimulated with LPS (10 ug/ml), TNF-a (10 ng/ml), and IFN-y (200
ng/ml) for 24 hours in the presence or absence of L-NIL (200 uM). Differentiated C2C12
myotubes were stimulated with LPS (10 pg/ml), TNF-a (5 ng/ml), and IFN-y (50 ng/ml) for
72 hours in the presence or absence of L-NIL (200 uM) or 1400W (50 pM), and the culture
medium was replaced with fresh medium containing cytokines and LPS every 24 hours.

Measurement of nitrite concentration

Nitrite accumulation in the culture media was measured by using Griess reagent according
to the manufacturer’s instructions (Sigma).

Detection of S-nitrosylated protein

The biotin-switch assay was performed as previously described (58, 106). Briefly, liver,
nigrastriatum, and muscle were washed with PBS, minced, and homogenized in
homogenization buffer A [PBS-HCI (pH 3.5), 150 mM NaCl, 1 mM EDTA, 1 mM
diethylenetriamine pentaacetic acid (DTPA), 7.5% SDS, 2% CHAPS, 0.1 mM neocuproine,
80 pM carmustine, 1 mM phenylmethylsulfonyl fluoride (PMSF), protease inhibitor cocktail
(Sigma)] as previously described (106). Cultured cells were lysed in lysis buffer B [PBS-
HCI (pH 3.5), 150 mM NaCl, 1 mM EDTA, 1 mM DTPA, 2.5% SDS, 0.5% NP-40, 0.1 mM
neocuproine, 80 UM carmustine, 1 mM PMSF, protease inhibitor cocktail] (106). After
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centrifugation to remove insoluble material, tissue or cell supernatants were mixed with 2
volumes of blocking buffer [PBS-HCI (pH 3.5), 150 mM NaCl, 1 mM EDTA, 1 mM DTPA,
0.1 mM neocuproine, 30 mM MMTS] (with or without 2.5% SDS for cell lysates and tissue
homogenates, respectively) and incubated at 50°C for 20 min with vortex every 2 min. After
precipitation using —20°C acetone, pellets were resuspended in modified HENS buffer [25
mM Hepes (pH 7.7), 1% SDS, 1 mM EDTA, 1 mM DTPA, and 0.1 mM neocuproine],
neutralized with HEN buffer containing 0.5% Triton X-100 and 1 mM DTPA, and
biotinylated with pyridyldithiol (HPDP)-biotin (0.2 mM) (Pierce) in the presence of sodium
ascorbate (4 mM). After precipitation with —20°C acetone, streptavidin-agarose beads
(Sigma) were added, and the samples were incubated for 1 hour at room temperature. The
beads were washed with HEN buffer containing 0.5% NP-40, and proteins were eluted by
incubation with elution buffer [20 mM Hepes (pH 7.7), 1 mM EDTA, 100 mM NacCl, 200
mM DTT] for 30 min and separated by SDS—polyacrylamide gel electrophoresis (SDS-
PAGE) followed by immunoblotting with a SIRT1 antibody. In fig. S3A, the cell lysates
were incubated with or with-out HgCl, (100 uM) before addition of MMTS and the biotin
switch method.

To evaluate the role of CXXC motifs in S-nitrosylation of SIRT1 and assess S-nitrosylation
and oxidative thiol modifications of SIRT1, COS-7 cells were transfected with FLAG-
tagged wild-type SIRT1 or SIRT1M3, After 2 hours of serum starvation, the cells were
exposed to SNAP (1 mM) and carmustine (80 uM) for 2 hours. The cells were lysed in lysis
buffer A, clarified by centrifugation, mixed with 1 volume of blocking buffer [PBS-HCI (pH
3.5), 150 mM NaCl, 1 mM EDTA, 1 mM DTPA, 2.5% SDS, 0.1 mM neocuproine, and 20
mM NEM], and incubated at 50°C for 20 min with vortex every 2 min. Lysates were
biotinylated with NEM-PEG,-biotin (0.2 mM) (Pierce) in the presence of ascorbate sodium
(4 mM) for the detection of SNO or with DTT (4 mM) for the detection of both SNO and
SOX (fig. S2). After precipitation with —20°C acetone, antibody recognizing FLAG M2
(Sigma) and protein G and protein A agarose suspension (#1P05, Calbiochem) were added,
and the samples were incubated at room temperature for 1 hour or at 4°C overnight. The
immunopurified complexes were washed five times with wash buffer [50 mM Hepes (pH
7.7), 150 mM NacCl, 0.1% NP-40, 1 mM EDTA] and separated by SDS-PAGE. Biotinylated
SIRT1 was detected with horseradish peroxidase (HRP)—conjugated streptavidin (Pierce).

Immunoblotting

Immunoblotting was performed as described previously (106). Briefly, tissue samples were
powdered under liquid nitrogen and homogenized in ice-cold homogenization buffer A [50
mM Hepes (pH 8.0), 150 mM NaCl, 2 mM EDTA, 7.5% lithium dodecyl sulfate, 2%
CHAPS, 10% glycerol, 10 mM sodium fluoride, 2 mM sodium vanadate, 1 mM PMSF, 10
mM sodium pyrophosphate, protease inhibitor cocktail, 5 uM TSA, and 10 mM
nicotinamide]. Cultured cells were lysed in lysis buffer B [50 mM Hepes (pH 8.0), 150 mM
NaCl, 2 mM EDTA, 2.5% lithium dodecy! sulfate, 2% CHAPS, 10% glycerol, 10 mM
sodium fluoride, 2 mM sodium vanadate, 1 mM PMSF, 10 mM sodium pyrophosphate,
protease inhibitor cocktail, 5 pM TSA, and 10 mM nicotinamide]. TSA and nicotinamide
were added to prevent deacetylation during the experimental procedure. After incubation at
8°C for 10 min, the samples were centrifuged at 13,0009 for 10 min at 8°C. For the
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detection of acetylated and total p53 and p65 from rodent tissue samples, to completely
solubilize proteins including those in the nuclear and chromatin fractions, pulverized
samples were homogenized in ice-cold hypotonic buffer [20 mM Hepes (pH 7.5), 10 mM
MgCl,, 10 mM KCI, 10 mM sodium fluoride, 1 mM PMSF, 2 mM EDTA, 1 mM DTT, 20%
glycerol, protease inhibitor cocktail, 5 uM TSA, and 10 mM nicotinamide] for 15 min on
ice, and the samples were centrifuged at 13,0009 for 10 min at 4°C. Then, the precipitates
were homogenized in lysis buffer A. Aliquots of the supernatant containing equal amounts
of protein, determined by detergent-compatible protein assay kit (Bio-Rad), were boiled for
5 min in Laemmli sample buffer, separated by SDS-PAGE, and transferred onto
nitrocellulose membranes (Bio-Rad). The membranes were blocked in 2% blocking reagent
(GE Healthcare) for 1 hour at room temperature, incubated with primary antibodies for 2
hours at room temperature or overnight at 4°C, and incubated with secondary antibodies
[antibody recognizing rabbit-immunoglobulin G (IgG) or mouse-1gG] conjugated to HRP
for 1 hour at 4°C. Enhanced chemiluminescence reagent (ECL Advance, GE Healthcare)
was used to detect HRP activity. Bands of interest were scanned by ScanMaker (Microtek)
and quantified by National Institutes of Health (NIH) Image 1.62 software (NTIS).

SIRT1 deacetylase activity assay

For the immunopurification of FLAG-tagged wild-type or mutated SIRT1, equal amounts of
cell lysates in buffer A [50 mM tris-HCI (pH 7.6), 150 mM NacCl, 0.1% NP-40, 2 mM
sodium vanadate, 10 mM sodium fluoride, 1 mM PMSF, protease inhibitor cocktail, 1 mM
DTT] were incubated with antibody recognizing FLAG M2 (Sigma) for 2 hours at 4°C.
Protein A/G PLUS-Agarose beads (#sc-2003, Santa Cruz Biotechnology) were added for 1
hour. Immunopurified protein complexes were washed three times with buffer A and
washed once with buffer B [25 mM tris-HCI (pH 8.0), 100 mM NacCl, 10% glycerol].
FLAG-tagged SIRT1 was eluted by incubating with buffer B containing FLAG peptide
(Sigma; 20 pg/ml).

Recombinant human SIRT1 protein (Biomol) or immunopurified wild-type or mutated
SIRT1 were assayed for in vitro deacetylase activity using a commercial kit (Sirt1
Fluorescent Activity Assay/Drug Discovery Kit, Biomol) according to the manufacturer’s
instructions. Fluorescence was measured using a fluorometric reader (Victor3V,
PerkinElmer) with excitation at 360 nm and emission detection at 460 nm. Immunopurified
SIRT1 or recombinant SIRT1 (1 U) was incubated with 50 UM deacetylase substrate in the
presence of NAD™ (250 uM) at 37°C for 45 min. For the assay of immunopurified SIRT1,
2.5 mM TSA was added to inhibit endogenous class I and class Il HDACs. SIRT1
deacetylase activity was evaluated as a nicotinamide-inhibitable activity by subtracting the
fluorescence intensities measured in the presence of nicotinamide (2 mM), a SIRT1 inhibitor
(107), from those measured in the absence of nicotinamide according to the instructions of
the manufacturer (Biomol). Recombinant SIRT1 was pre-incubated with SNAP (1 mM) for
30 min at 37°C and then incubated for an additional 30 min with or without DTT (5 mM) in
the presence and absence of TPEN (200 uM). In a separate experiment, recombinant SIRT1
was pre-incubated with or without SNAP (0.6 mM) or GSNO (0.6 mM) at 37°C for 30 min
and then incubated with or without DTT (4 mM) in the presence and absence of different
concentrations of TPEN (2, 20, 100, or 200 uM) or EGTA (0.6 mM) for 30 min. The
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deacetylase activity of SIRT1 was also evaluated in vitro by deacetylation of recombinant
histone H3 (Sigma) performed in SIRT1 activity assay buffer (Biomol) containing
recombinant SIRT1 (1 U), histone H3 (0.5 ug), and NAD* (250 uM) for 30 min at 37° C.
The reaction was stopped by adding SDS sample buffer and boiling for 5 min. After
separation by SDS-PAGE, immunoblot analysis was performed using antibodies for
acetylated histone H3 and histone H3.

In vitro ADP-ribosylation assay

The in vitro ADP-ribosylation assay was performed as previously described (108) with
minor modifications, using FLAG-tagged wild-type and mutated SIRT1 and
immunopurified from COS-7 cells as described above. The reaction was carried out in
SIRT1 activity assay buffer (Biomol) containing immunopurified SIRT1, 32P-labeled NAD*
(10 uCi, Amersham Biosciences), unlabeled NAD* (10 uM), and histone H3 (3 pg) for 1
hour at 37°C in the presence of a PARP inhibitor, PJ34 (3 uM, EMD Biosciences), and an
inhibitor for arginine mono-ADP-ribosyltransferases, m-iodobenzylguanidine (0.5 mM,
MIBG, Sigma). The reaction was terminated by adding SDS sample buffer and boiling for 5
min. After separation by SDS-PAGE, incorporation of 32P-labeled NAD* was evaluated by
autoradiography.

Isolation of total RNA and quantitative reverse transcription polymerase chain reaction

Total RNA was isolated with an RNeasy Mini Kit (Qiagen). The first-strand cDNA was
synthesized from 1 g of total RNA using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Real-time reverse transcription polymerase chain reaction
analyses were performed using 10 ng of cDNA and TagMan probes (Applied Biosystems)
for BCL2-associated X protein (Bax: MmM00432051_m1, Rn02532082_g1), TNF receptor
superfamily member 6 (Fas: Mm01204974_m1, Rn00685720_m1), Fasligand (Fasl:
MmO00438864_m1, Rn00563754 m1), toll-like receptor 4 (TLR4: Mm00445273 ml1,
Rn00569848_m1), Atrogin-1 (Mm00499523_m1, Rn00591730_m1), muscle-specific RING
finger protein 1 (Murfl: Mm01185221_m1, Rn00590197_m1), and 18Sribosomal RNA
(Hs99999901_s1), conducted with Mastercycler ep realplex (Eppendorf). The abundances of
Bax, Fas, FasL, TLR4, Atrogin-1, and Murfl mRNAs were normalized to 18Sribosomal
RNA.

Measurement of DNA binding of p53 and p65

DNA binding activities of p53 and p65 were measured by TransAM p53 or p65 NF-xB
Transcription Factor Assay Kit (Active Motif).

Evaluation of apoptotic nuclei in skeletal muscle

Apoptotic nuclei were detected in gastrocnemius muscle of rats by fluorescence TUNEL
staining using the ApopTag Fluorescein In Situ Apoptosis Detection Kit (Promega). The
numbers of TUNEL-positive nuclei were normalized to those of DAPI (4/,6-diamidino-2-
phenylindole)—positive nuclei.
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Zn?* binding assay

FLAG-tagged mouse wild-type SIRT1 or mutant SIRT1M3 proteins were purified from
transfected COS-7 cells as described above. FLAG-SIRT1, FLAG-SIRT1M3, recombinant
human wild-type SIRT1 (Biomol), and recombinant Akt1 (Millipore) were denatured in
SDS sample buffer containing 8% [-mercaptoethanol and separated by SDS-PAGE with
running buffer containing 5 uM TPEN. After electrophoretic transfer (5 yM TPEN in
transfer buffer) to nitrocellulose membranes (Bio-Rad), the membranes were incubated in
tris-HCI buffer (10 mM tris-HCI, pH 7.7) containing DTT (20 mM) for 1 hour at room
temperature. The membranes were rinsed with tris-KCI buffer [10 mM tris-HCI (pH 7.5),
100 mM KClI], incubated with tris-KCI buffer containing $5ZnCl, (5 uCi/10 ml) (National
Isotope Development Center) for 1 hour at room temperature, washed twice with tris-KCI
buffer containing 0.05% Tween 20 for 1 hour, and exposed on BioMax films (Kodak) with
enhancer plates at —80°C overnight. For the experiment with NO donors, immediately after
autoradiography, the same membranes were incubated with tris-KCI buffer containing
SNAP (100 uM) for 1 hour and then exposed to new films overnight at —80°C.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. S-Nitrosylation of the CXXC motif reversibly inactivates SIRT1
(A) Amino acid sequence of the region containing the CXXC motifs in SIRT1 homologs.

(B) Graph of the deacetylase activity of FLAG-wild-type (WT) or mutated SIRT1 (M1, M2,
or M3) immunopurified from COS-7 cells. CRL, control plasmid. Western blot shows the
relative abundance of these proteins in transfected cells. P < 0.01 CRL, M1, M2, or M3
compared to WT, Kruskal-Wallis test. Data are means + SEM of three independent
experiments. (C and D) Western blots for S-nitrosylated SIRT1 (SNO-SIRT1) or SIRT1 in
lysates from COS-7 cells transfected FLAG-tagged WT SIRT1 or SIRT1M3 and exposed to
the NO donor SNAP (300 uM) and carmustine (80 uM) (C) or recombinant SIRT1
incubated with SNAP or DTT (D). Data are representative of three independent
experiments. (E and H) Graphs of the deacetylase activity of immunopurified FLAG-SIRT1
from COS-7 cells exposed to GSNO (0.6 mM) (E) or recombinant SIRT1 exposed to SNAP
(0.6 mM) (H). Immunopurified FLAG-SIRT1 or recombinant proteins were incubated with
the reducing agent DTT (5 mM), the Zn2* chelator TPEN (200 uM), or the Ca2* chelator
EGTA (0.6 mM). Western blot in (E) shows the relative S-nitrosylation of SIRT1 used in
this assay. *P < 0.05, one-way analysis of variance (ANOVA) with the Newman-Keuls post
hoc test compared to control (E); P < 0.02 between samples, Kruskal-Wallis test (H). Data
are means + SEM of three independent experiments. (F and G) Autoradiographs of 85zn2+
bound to immunopurified FLAG-SIRT1, but not FLAG-SIRT1M3 (F) or recombinant SIRT1
(G). In (G), 5Zn2* binding is shown for the same membrane before and after incubation.
Coomassie brilliant blue (CBB) shows total protein. Data are representative of two

independent experiments.
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Fig. 2. SIRT1 S-nitrosylation mediates NO-induced p53 acetylation, leading to cell death
(A) Western blot of lysates from COS-7 cells transfected with WT or mutated SIRT1 and

treated with bleomycin (10 pg/ml) or vehicle (dimethyl sulfoxide). CRL, control plasmid.
**P < 0.01 compared to control plasmid; TP < 0.01 compared to WT. One-way ANOVA
with Tukey’s post hoc test. Data are means + SEM of three biological replicates from one of
three independent experiments. (B) Western blots of lysates from H1299 cells expressing
exogenous wild-type exposed to GSNO (0.5 mM), reduced (GSH; 0.5 mM) or oxidized
glutathione (GSSG; 0.5 mM), or 8-bromo cGMP (Br-cGMP; 0.5 mM). *P < 0.05, **P <
0.01 compared to control; TP < 0.05, TP < 0.01 compared to GSH; *P < 0.05, P < 0.01
compared to GSSG; 38P < 0.01 compared to Br-cGMP. One-way ANOVA with Tukey’s
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post hoc test. Data are means = SEM from three independent experiments. (C to F) Western
blot of lysates from COS-7 cells transfected with the indicated siRNAs and transfected with
WT SIRT1, SIRT1M3, or control plasmids, or exposed to GSNO (1 mM) with or without
TSA (1 uM). *P < 0.05 compared to control siRNA + control plasmid, TTP < 0.01 compared
to SIRT1 siRNA + WT SIRT1 (C); *P < 0.05 compared to WT SIRT1 without GSNO (D);
**P < 0,01 compared to control, TTP < 0.01 compared to TSA alone, ¥¥P < 0.01 compared to
GSNO alone (E); **P < 0.01 compared to control siRNA alone, TTP < 0.01 compared to
control siRNA + TSA (F). One-way ANOVA with Tukey’s post hoc test. Data are means +
SEM of three biological replicates from one of two independent experiments. (G and H)
Western blot of C2C12 myotubes exposed to LPS (10ug/ml)andcytokines[TNF-a (10ng/
ml)andIFN-y (200ng/ml)]JorHepalclc7 cells exposed to LPS (10 pg/ml) and cytokines
[TNF-a (5 ng/ml) and IFN-y (50 ng/ml)] with or without the iNOS inhibitor L-NIL (200
UM) or iINOS knockdown. Blots are representative of three independent experiments.
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Fig. 3. S-Nitrosylation-mediated inactivation of SIRT1 leads to increased acetylation of p65
(A and B) Western blots of lysates from COS-7 cells exposed to SNAP (300 uM) (A) or

GSNO (1 mM) and TSA (1 uM) (B). (C to G) C2C12 myotubes exposed to LPS (10 pg/ml)
and cytokines [TNF-a (10 ng/ml) and IFN-y (200 ng/ml)] with or without L-NIL (200 pM).
(C and D) Western blot. (E) p65 DNA binding activity. (F) mRNA abundance of NF-xB
target genes. (G) Nitrite in the culture media. *P < 0.05, **P < 0.01, ***P < 0.001
compared to control; TP < 0.01, TP < 0.001 compared to cytokine + L-NIL. One-way
ANOVA with Tukey’s post hoc test. (H) Western blot of lysates from COS-7 cells
transfected with the indicated siRNAs and exposed to GSNO (1 mM) with or without TSA
(1 pM). **P < 0.01 compared to control, TP < 0.05 compared to control siRNA + TSA; ¥p
< 0.01 compared to SIRT1 siRNA + GSNO. One-way ANOVA with Tukey’s post hoc test.
Data are means + SEM of three biological replicates from one of two (B and H) or three (A
and C to G) independent experiments.
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Fig. 4. INOS deficiency prevents endotoxin-induced SIRT1 S-nitrosylation and acetylation of p53
and p65 in mouse liver

(A to F) Western blot and quantification of lysates from livers of WT mice or iNOS
knockout (iNOS™~) mice injected with LPS [27.5 mg/kg, intraperitoneal (ip)]. *P < 0.05,
**P < 0,01, ***P < 0.001 compared to WT without LPS; TP < 0.05, TTTP < 0.001 compared
to INOS™~ with LPS. One-way ANOVA with Tukey’s post hoc test. n = 8 mice per group.
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Fig. 5. S-Nitrosylation of SIRT1 parallels acetylation of p53 and p65 in a mouse model of
Parkinson’s disease

(A to F) Mice were injected with MPTP (80 mg/kg, ip) and the nNOS inhibitor 7-NI (50
mg/kg, ip) and monitored 7 days after MPTP injection for bradykinesia (prolonged
immobility time during the tail suspension test) (A), or the nigra-striatum was dissected 3
days after MPTP injection and analyzed by Western blot for the indicated proteins (B to F).
*P < 0.05, **P < 0.05 compared to control; TP < 0.05, TP < 0.01 compared to MPTP + 7-
NI. One-way ANOVA with Tukey’s post hoc test. n = 8 mice per group.
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Fig. 6. Increased abundance of iNOS is associated with S-nitrosylation of SIRT1 and acetylation
and activation of p53 and p65 in skeletal muscle of aged rats

(A and B) Terminal deoxynucleotidyl transferase—-mediated deoxyuridine triphosphate nick
end labeling (TUNEL) (A) or Western blot of lysates (B) of skeletal muscle from rats at the
indicated ages. *P < 0.05, **P < 0.01, 28 months (28 M) compared to 2 months (2 M).
Unpaired two-tailed Student’s t test. n = 8 mice per group. (C) Western blot of skeletal
muscle of 23-month-old rats injected with saline or the iNOS inhibitor 1400W (10 mg/kg,
ip) for 10 days. **P < 0.01, ***P < 0.001 compared to saline. Unpaired two-tailed Student’s
t test. n =7 mice per group.
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S-Nitrosylation in SIRT1: Nitrosative stress—sensitive switch
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Fig. 7. The proposed SIRT1 nitrosative stress—sensitive switch
SIRT1 decreases apoptosis and inflammation by deacetylating proteins in the p53 and NF-

KB pathways. SIRT1 deacetylates p53 and the p65 subunit of NF-xB when the CXXC zinc
finger motif is bound to zinc (Zn2*) (solid green). NO derived from iNOS or nNOS S-
nitrosylates the cysteine thiol groups (SNO) in the CXXC motif, disrupting zinc binding,
which renders SIRT1 inactive. Acetylation of p53 and p65 increases apoptosis and
inflammation (dashed green). S-Nitrosylation and resultant inactivation of SIRT1 are
reversible. Ac, acetyl group; SH, sulfhydryl group.
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