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SUMMARY
X-linked inhibitor of apoptosis (XIAP) is a potent antagonist of caspase apoptotic activity. XIAP
also functions as an E3 ubiquitin ligase, targeting caspases for degradation. However, molecular
pathways controlling XIAP activities remain unclear. Here we report that nitric oxide (NO) reacts
with XIAP by S-nitrosylating its RING domain (forming SNO-XIAP), thereby inhibiting E3 ligase
and antiapoptotic activity. NO-mediated neurotoxicity and caspase activation have been linked to
several neurodegenerative disorders, including Alzheimer’s, Parkinson’s, and Huntington’s
diseases. We find significant SNO-XIAP formation in brains of patients with these diseases,
implicating this reaction in the etiology of neuronal damage. Conversely, S-nitrosylation of
caspases is known to inhibit apoptotic activity. Unexpectedly, we find that SNO-caspase
transnitrosylates (transfers its NO group) to XIAP, forming SNO-XIAP, and thus promotes cell
injury and death. These findings provide unique insights into the regulation of caspase activation
in neurodegenerative disorders mediated, at least in part, by nitrosative stress.
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INTRODUCTION
Neuronal cell injury and death are prominent features of neurodegenerative disorders such
as Alzheimer’s, Huntington’s, and Parkinson’s diseases (Mattson, 2000; Friedlander, 2003).
While acute fulminant insults result in osmotic swelling and necrosis, chronic degenerative
disorders can produce apoptotic cell death (Ankarcrona et al., 1995; Bonfoco et al., 1995),
often mediated by the caspase family of cysteine proteases (Chan and Mattson, 1999; Lu et
al., 2000). During degenerative processes, for example in Alzheimer’s disease, activated
caspases may induce proteolysis of β-amyloid precursor protein (APP) or synaptic proteins,
which may contribute to synaptic dysfunction and neuronal cell death. Inhibitor of apoptosis
proteins (IAPs) represent important regulators of apoptosis through their ability to associate
with active caspases and repress their catalytic activity (Eckelman et al., 2006; Salvesen and
Duckett, 2002). In particular, XIAP interacts with active caspases-3/7/9 in the cytosol and is
thought to be the most potent endogenous caspase inhibitor among the IAPs. XIAP harbors
three copies of the baculovirus IAP repeat (BIR) domain and one RING domain.
Characteristic BIR and RING folds contain zinc ions coordinated by histidine and cysteine
residues. Biochemical and structural analyses indicate that BIR domains and their flanking
sequences bind and inhibit the catalytic activity of 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 in vivo
(caspases, and other IAP proteins) as well as XIAP itself (MacFarlane et al., 2002; Schile et
al., 2008; Suzuki et al., 2001; Vaux and Silke, 2005; Yang et al., 2000).

Nitric oxide (NO) is also known to contribute to neuronal cell damage and death when
present at excessive levels, but can promote neuronal survival under physiological
conditions (Beckman, 1990; Dawson et al., 1991; Lipton et al., 1993). NO exerts its effects
in large part through stimulation of guanylate cyclase or via protein S-nitrosylation,
representing the covalent attachment of NO to cysteine thiol or more properly thiolate anion
(Hess et al., 2005; Stamler et al., 1997). S-Nitrosylation has recently emerged as an
important regulator of redox signaling, comparable in controlling protein function to other
posttranslational modifications such as phosphorylation or acetylation. Physiological levels
of NO can be neuroprotective, in part, via S-nitrosylation-mediated inhibition of N-methyl-D-
aspartate (NMDA)-type glutamate receptor activity and caspase activity (Choi et al., 2000;
Dimmeler et al., 1997; Lipton et al., 1993; Mannick et al., 1999; Melino et al., 1997; Tenneti
et al., 1997). However, excess NO production in neurons results in activation of cell death
signaling cascades that underlie many neurodegenerative disorders (Dawson et al., 1991;
Lipton et al., 1993; Huang et al., 1994; Leist et al., 1997; Gu et al., 2002; Hara et al., 2005).
Recent evidence directly links S-nitrosylation to protein misfolding and neuronal cell death
(Chung et al., 2004; Yao et al., 2004; Uehara et al., 2006).

Here we report that S-nitrosylation of the RING domain of XIAP decreases its E3 ubiquitin
ligase activity both in vitro and in intact cells, thereby blocking its ability to inhibit
apoptosis by degrading caspases. We found that S-nitrosylated XIAP (SNO-XIAP)
accumulates in neurons stimulated with pathophysiologically relevant levels of NMDA and
in the brains of patients exhibiting neurodegeneration. Moreover, transnitrosylation of XIAP
by SNO-caspase provides an additional mechanism for proapoptotic signaling. These results
indicate that SNO-XIAP regulates caspase activity and contributes to neuronal injury or
death in a number of neurodegenerative diseases.

Nakamura et al. Page 2

Mol Cell. Author manuscript; available in PMC 2011 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RESULTS
S-Nitrosylation of XIAP In Vitro and in Intact Cells

Since we and others have found that the E3 ubiquitin ligase, parkin, is S-nitrosylated via
cysteine thiol in its RING domain (Chung et al., 2004; Yao et al., 2004), we asked whether
another RING domain-containing E3 ligase, XIAP, was also a target of S-nitrosylation. To
answer this question, we employed a specific fluorescence assay for S-nitrosothiols (Gu et
al., 2002; Wink et al., 1999) to detect SNO-XIAP in vitro. Incubation of a GST-XIAP fusion
protein with a physiological NO donor, S-nitrosocysteine (SNOC), induced S-nitrosothiol
formation, indicating the presence of SNO-XIAP (Figure 1A). To ascertain whether the
RING domain of XIAP was S-nitrosylated, we performed mapping studies using truncated
forms of XIAP. The SNO-fluorescence assay indicated that XIAP fragments containing
BIR2 or BIR2/3 domains were not S-nitrosylated, whereas a fragment expressing the BIR2/3
and RING domains (BIR2-3-RING) was S-nitrosylated, suggesting that the ubiquitin-
associated (UBA) or RING domain of XIAP contains the principal S-nitrosylated residue(s)
(Figure 1B).

We then asked whether XIAP is S-nitrosylated in intact cells using the NO-biotin switch
method, a modified immunoblot to detect nitrosothiols (Jaffrey et al., 2001). After exposing
neuroblastoma SH-SY5Y cells to SNOC, we detected S-nitrosylation of endogenous XIAP
using a specific anti-XIAP antibody (Figure 1C and Figure S1). Next, using the NO-biotin
switch assay after expressing XIAP fragments in intact cells, we found that the RING
domain of XIAP is the predominant location of S-nitrosylated residues (Figure 1D and
Figure S1B), confirming our earlier finding on recombinant preparations in vitro.

Identification of Cys450 as the S-Nitrosylated Cysteine Residue of XIAP
In order to identify the principal site of S-nitrosylation in the RING domain of XIAP, we
employed three complementary approaches, using nuclear magnetic resonance (NMR)
techniques to direct additional NO-biotin switch assays and mass spectrometry analyses. We
labeled recombinant RING domain (residues 432–497 of XIAP) with 15N, and then acquired
2D 1H-15N transverse relaxation-optimized spectroscopy (TROSY)-NMR spectra to reveal
the target cysteine of S-nitrosylation by chemical shift mapping (Pervushin et al., 1997).
Comparison of the NMR spectra between native- and SNOC-treated RING domains
revealed small but reproducible chemical shifts of several peaks corresponding to the
backbone 1H-15N groups of amino-acid residues that were located in close proximity to
Cys450 and Cys471 (Figure 2 and Figures S2A and S2B). These TROSY-NMR experiments
were consistent with the notion that among the seven cysteines in the RING domain either
Cys450 or Cys471 (or possibly both) were the target cysteine residues for S-nitrosylation.
Moreover, these experiments suggested that formation of S-nitrosothiol on the RING
domain induced minor conformational perturbations to proximate amino-acid residues (e.g.,
Lys448, Leu449, Ile458, and Leu468), and that nitrosylation did not result in substantial
unfolding of the RING (Figure 2D and Figure S2B). Since we also found that alanine
substitution of two of these residues (Lys448 or Leu449) resulted in a decrease in E3 ligase
activity (Figure S2C), it is tempting to speculate that S-nitrosylation-induced conformational
changes can affect the function of the RING domain. Consistent with this notion, we found
that exposure to SNOC could effect release of zinc from the RING domain (Figure S2D).

To further investigate the specific site of S-nitrosylation on XIAP under physiological
conditions, we next expressed wild-type (WT)-XIAP, XIAP(C450H), or XIAP(C471H) in
HEK293 cells stably expressing neuronal NO synthase (HEK-nNOS) (Bredt et al., 1991).
This approach allowed us to detect S-nitrosylation of XIAP engendered by endogenous NO.
We chose histidine to replace cysteine in these constructs because, similar to cysteine,
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histidine can coordinate the zinc ion in the RING structure. The NO-biotin switch assay
revealed that the C450H mutation significantly diminished endogenous NO-mediated S-
nitrosylation, pointing to Cys450 in the RING domain as the primary site of S-nitrosylation
of XIAP (Figure 3A). Interestingly, a characteristic acid-base motif for S-nitrosylation
(Asp455, Lys448, and Lys451) surrounds the Cys450 residue (Stamler et al., 1997; Hess et
al., 2005).

Next, we performed a high-resolution Orbitrap mass spectrometry analysis of the wild-type
XIAP-RING domain after exposure to SNOC in order to determine if S-nitrosylation of
XIAP occurs at Cys450. To keep this post-translational modification intact during the
acquisition of MS/MS spectra, we employed an innovative top-down approach together with
electron transfer dissociation (ETD) technology, which, compared to conventional collision-
induced dissociation methods, allows us to preserve labile modifications on larger peptides
(Han et al., 2008; Mikesh et al., 2006). Consistent with the results of our NO-biotin switch
assay, the LTQ Orbitrap XL-ETD MS/MS data detected an NO adduct predominantly at
Cys450 of the XIAP-RING domain (Figure 3B and Figure S3). Taken together, these results
strongly suggest that S-nitrosylation occurs on the RING domain of XIAP, specifically at
Cys450, and that formation of SNO-XIAP at this site modulates the surrounding local
conformation or chemical environment.

S-Nitrosylation of XIAP In Vivo
Caspase activation and excessive NO generation have been associated with several human
neurodegenerative conditions, including Parkinson’s with diffuse Lewy body disease
(DLBD), Alzheimer’s disease (AD), and Huntington’s disease (HD). Our findings from in
vitro and cell-based experiments raised the possibility that XIAP activity could be affected
by S-nitrosylation in these disorders. Therefore, to determine whether XIAP is S-
nitrosylated in humans in vivo, we performed an NO-biotin switch assay with brain extracts
prepared from postmortem brains of patients with sporadic DLBD, AD, HD, and control
brains (patients who died of non-CNS disorders) (Uehara et al., 2006). We observed that
these brains contained significantly higher levels of SNO-XIAP than controls (Figure 3C,
Figure S3C, and Table S1), supporting our hypothesis that SNO-XIAP levels are positively
correlated with disease pathogenesis. Interestingly, we did not find elevated levels of S-
nitrosylated caspase-3 in these diseased brains (Figure S3D and Table S1). In addition to
XIAP, other inhibitors of apoptosis include cIAP1 and cIAP2. However, SNO-cIAP1 and
SNO-cIAP2 were undetectable under our conditions (Figure S3E and S3F, and Table S1).
Taken together, these results are in accord with previous findings that downregulation of
XIAP but not cIAP1 or cIAP2 is essential in regulating neuronal apoptosis (Potts et al.,
2003).

S-Nitrosylation of XIAP Downregulates its E3 Ligase Activity
Recent studies have shown that XIAP and caspases are substrates for XIAP-mediated
ubiquitination in vitro and in intact cells (Morizane et al., 2005; Schile et al., 2008; Shin et
al., 2003; Suzuki et al., 2001; Yang et al., 2000). Our NMR data suggested that NO could
perturb the structural or chemical environment of the RING domain in a region that would
be expected to affect ubiquitin enzymatic activity. Thus, we asked whether S-nitrosylation
of the XIAP-RING domain affects its E3 ligase activity. Initially, we examined auto-
ubiquitination of XIAP in vitro to confirm a direct effect of NO on XIAP E3 ubiquitin ligase
activity. When recombinant GST-XIAP was incubated in vitro with ubiquitin-activating
enzyme E1, ubiquitin conjugating enzyme E2 (UbcH5b), and ubiquitin (Ub), a smear of
proteins representing polyubiquitinated XIAP on immunoblots was identified by reaction
with anti-ubiquitin antibody (Figures 4A and S4A). Pretreatment of recombinant XIAP with
SNOC starting 30 min prior to addition of-E1,-E2, and Ub proteins markedly reduced XIAP

Nakamura et al. Page 4

Mol Cell. Author manuscript; available in PMC 2011 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



auto-ubiquitination, suggesting that NO directly interferes with XIAP E3 ligase activity.
Although NO dissipates from SNOC quickly (within ~5 min under our experimental
conditions), we found that S-nitrosylation of cysteine thiol on XIAP and certain other
proteins lasts for more than 30 min (Gu et al., 2002; Lei et al., 1992). This time frame
allowed us to exclude a direct effect of NO on E1, E2, or ubiquitin since all of the NO from
SNOC was dissipated by the time that these proteins were added to the reaction milieu,
supporting the notion that NO directly inactivated the E3 ligase activity of XIAP (Figure 4A
and Figure S4A). Additionally, control treatment with inactive SNOC (old SNOC from
which NO had been dissipated) had no effect on auto-ubiquitination (Figure 4A and Figure
S4A).

To further verify the effect of NO on XIAP, we compared the E3 ligase activity of wild-type
(WT)-XIAP before and after nitrosylation in HEK293T cells. HEK293T cells transfected
with myc-tagged XIAP and hemagglutinin (HA)-tagged ubiquitin exhibited a significant,
time-dependent decrease in XIAP auto-ubiquitination after exposure to SNOC (Figure 4B
and Figures S4B and S4C.). Lysates of cells transfected with XIAPΔRING did not exhibit
auto-ubiquitination.

Next, we asked if S-nitrosylation of XIAP affected its function in a pathophysiologically
relevant manner. Since a contribution of XIAP auto-ubiquitination to antiapoptotic activity
has not been clearly demonstrated (Shin et al., 2003; Yang et al., 2000), we studied whether
XIAP-mediated ubiquitination of caspases-3 and -9, which has recently been reported to be
important in modulating apoptosis in vivo (Schile et al., 2008), was affected by NO. We
found that pretreatment of XIAP with SNOC resulted in a decrease in polyubiquitination of
caspases-3 and -9 in vitro (Figures 4C and 4D). Next, to verify that SNO-XIAP manifests
decreased E3 ligase activity in intact cells, we cotransfected HEK293T cells with various
combinations of XIAP, ubiquitin, and catalytic mutants of caspases-3 or -9. We and others
had previously shown that NO can inhibit activity of caspases via S-nitrosylation of the
catalytic cysteine (Choi et al., 2000; Dimmeler et al., 1997; Hoffmann et al., 2001; Kim and
Tannenbaum, 2004; Kim et al., 1997; Mannick et al., 1999; Melino et al., 1997; Mitchell
and Marletta, 2005; Tenneti et al., 1997). We therefore used cysteine mutants of caspases
[caspase-3(C285A) and caspase-9(C285A)] in this assay to exclude potential effects of
SNO-caspases on their ubiquitination. To induce caspase cleavage and activation, the pro-
apoptotic constructs Fas and Bax were co-transfected into HEK293T cells in order to
stimulate the extrinsic and intrinsic apoptotic pathways, respectively (Deveraux et al., 1999;
Ghatan et al., 2000). Co-transfection of XIAP caused a substantial increase in the amount of
ubiquitinated caspase-3 compared to untransfected cells, consistent with previous reports
(Suzuki et al., 2001). Exposure to SNOC 6 hr prior to harvesting the transfected cells
abrogated the increase in caspase-3 ubiquitination (Figure 4E and Figure S4B), while the
NO donor failed to downregulate the E3 ligase activity of the S-nitrosylation-deficient
mutant XIAP(C450H) (Figure S4D). We performed similar experiments analyzing the
analogous caspase-9 mutation (C285A) and found that SNOC dramatically decreased this
ubiquitination (Figure 4F and Figure S4B). Finally, we observed that either exposure to
SNOC or knockdown of XIAP, attained using short hairpin RNAs (shRNAs) targeting
XIAP, inhibited ubiquitination of endogenous caspase-3 (Figure S4E-G). Endogenously
produced NO also suppressed caspase-3 ubiquitination (Figure S4H-J). In a control assay,
we found that physiological levels of NO did not affect XIAP interaction with caspase-3;
only extremely high, non-physiological levels of an NO donor (≥0.5 mM influenced XIAP
binding to caspase) (Figure S4K and S4L). Together, these results are consistent with the
notion that at physiological levels NO inhibit ubiquitination of caspases-3 and -9 through S-
nitrosylation of XIAP, rather than affecting caspase/XIAP interactions via the BIR domains.
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NO Results in Increased Levels of Cleaved/Activated Caspase-3 in Response to Apoptotic
Stimuli

Because S-nitrosylation inhibits XIAP E3 ligase activity, we expected that NO would also
suppress proteasomal degradation of active caspases, leading to their accumulation in
apoptotic cells. To investigate the effect of endogenous NO on the active/cleaved form of
caspase-3, we used HEK-nNOS cells. Treatment of HEK-nNOS cells with the calcium
ionophore A23187 stimulates nNOS activity and leads to rapid NO generation (Tenneti et
al., 1997), enabling us to monitor the effect of physiologically-produced NO on caspase-3.
We found that the endogenous NO thus generated promoted S-nitrosylation of XIAP within
2 hr of A23187 exposure, and this increase was abrogated by the NOS inhibitor N-nitro-L-
arginine (NNA, Figure 5A).

We then sought to determine whether endogenous NO could further increase the level of
cleaved caspase-3 produced in response to the apoptotic stimuli Fas or Bax. This finding
would be consistent with the notion that S-nitrosylation of XIAP was inhibiting its E3
ubiquitin ligase activity and thus the degradation of the caspase. In these experiments, we
found that in the absence of exogenous XIAP, transfection of Bax augmented the level of
cleaved caspase-3 (Figure 5B and Figure S5A). Transfection with WT-XIAP abrogated this
increase in caspase-3 processing (Figure 5B). In contrast, cells transfected with XIAP
shRNAs exhibited increased levels of cleaved caspase-3 (Figure S5C). This effect was
mimicked by XIAP RING domain mutant (XIAPΔR; Figure 5B, lane 5). These results are
consistent with the presence of XIAP-mediated degradation of endogenous caspase under
our conditions. Importantly, exposure of HEK-nNOS cells to A23187 or UV (to generate
endogenous NO) resulted in an increase in cleaved caspase-3 levels, presumably due to the
decreased E3 ligase activity of SNO-XIAP (Figure 5B, lane 7 and Figure S5D, lane 2). Co-
treatment with NNA (to inhibit the generation of endogenous NO) prevented this increase in
cleaved caspase-3. Additionally, exposure to the proteasome inhibitor MG132 resulted in
increased levels of cleaved caspase-3 (Figure S5B, lane 5), indicating that proteasome-
dependent degradation of the caspase would otherwise have occurred after its ubiquitination
by XIAP in the absence of endogenous NO. Taken together, these results strongly suggest
that down-regulation of the E3 ligase activity of XIAP by S-nitrosylation promotes
accumulation of cleaved caspase-3.

NO Abrogates XIAP-Mediated Inhibition of Caspase Activity and Apoptosis
To further define the mechanism and pathophysiological relevance of S-nitrosylation on
XIAP function, we analyzed the effect of SNO-XIAP on caspase activity and cell death.
Translocation of Bax from the cytosol to mitochondria is thought to contribute to the
pathogenesis of neurodegeneration by triggering the disruption of mitochondrial membrane
potential, cytochrome c release, and caspase activation (Ghatan et al., 2000). We monitored
caspase activity and cell viability induced by Bax expression under conditions promoting
SNO-XIAP formation in neuroblastoma SH-SY5Y cells. We chose SH-SY5Y cells for these
experiments because, unlike primary neurons, exposure to NO by itself does not affect death
in this cell line under basal conditions (Figure S5E) (Chung et al., 2004; Uehara et al., 1999;
Uehara et al., 2006). Thus, we were able to not only obtain NO-induced SNO-XIAP
formation without triggering cell death but also monitor the effect of SNO-XIAP on Bax-
induced cell death. We found that cells co-expressing WT-XIAP and Bax showed a
significant decrease in caspase activity compared to cells expressing Bax alone, as measured
by cleavage of the fluorogenic peptide substrate Ac-DEVD-Afc by executioner caspases
(Figure 5C and Figure S5F). Exposure to SNOC partially abolished this inhibitory effect of
XIAP under conditions in which NO produces S-nitrosylation and thus inhibition of XIAP
E3 ligase activity (Figures 1C, 4E, and 4F). In contrast, transfection with XIAPΔRING
manifested a little if any inhibitory effect on caspase activity and was insensitive to NO
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(Figure 5C), consistent with the notion that NO regulated XIAP function via reaction with
cysteine in the RING domain. These results also imply that, under these conditions, RING
domain-dependent effects of XIAP, presumably reflecting XIAP E3 ligase activity, exert
control over caspase function separate from the effect of XIAP binding to either caspase-3
via BIR2 or caspase-9 via BIR3 domains, as observed elsewhere (Deveraux et al., 1999).

As a control for these experiments, immunoblots indicated that the increase in caspase
activity, observed after either exposure to SNOC or expression of XIAPΔR, was not due to
different levels of XIAP expression (Figure S5G). Moreover, consistent with these effects
on caspase activity, we found that Bax-induced apoptosis was ameliorated by WT-XIAP;
however, this protective effect was abrogated by exposure to SNOC (Figure 5D). Overall,
these results suggest that S-nitrosylation of the XIAP-RING domain attenuates the
protective function of XIAP against neuronal cell death.

Endogenous XIAP in Rat Cerebrocortical Neurons Inhibits NMDA Receptor-Mediated
Excitotoxic Cell Death

It is well known that overstimulation of neuronal NMDA receptors (NMDARs) can trigger
intracellular signaling pathways, including excessive NO generation by nNOS, that lead to
neuronal cell death. Indeed, NMDAR-mediated excitotoxicity may contribute to the
pathogenesis of a number of neurodegenerative diseases (Dawson et al., 1991; Lipton and
Rosenberg, 1994). To study the potential relevance of SNO-XIAP formation to these
pathophysiological conditions, we employed rat primary cerebrocortical cell cultures. Using
the NO-biotin switch assay, we found that NMDA elicited S-nitrosylation of XIAP in a
time- and NOS-dependent manner prior to the manifestation of neurotoxicity (Figure 6A).
Since we had already shown that S-nitrosylation of XIAP inhibits its antiapoptotic activity,
we next sought to determine in primary cerebrocortical neurons if attenuation of XIAP
activity affected cell death in a pathophysiologically-relevant context.

In cortical neurons, we previously found (Budd et al., 2000; Tenneti and Lipton, 2000) that
the caspase-dependent component of NMDA-induced cell death required activation of
caspase-3. To assess the antiapoptotic activity of endogenous XIAP in cortical neurons, we
employed two shRNAs targeting rat XIAP (shRNA-1 and- 2; Figures S4D and S4E). We
then determined the effect of XIAP knockdown induced by RNAi on accumulation of
cleaved caspase-3 in the neurons. Fluorescent immunocytochemistry showed enhanced
levels of cleaved caspase-3 in XIAP-depleted neurons 6 hr after exposure to NMDA (Figure
6B and Figure S6). In parallel, XIAP-shRNA increased the degree of NMDA-evoked
neuronal cell death that subsequently developed in the cultures (Figure 6C and Figure S6).
Importantly, XIAP(C450H), which lacks the S-nitrosylation site in the RING domain,
enhanced antiapoptotic activity during NMDA-triggered neuronal cell death (Figure 6D).
These results suggest that under these conditions XIAP protected primary cortical neurons
from NMDAR-mediated neurotoxicity. Taken together, since NO inhibits XIAP activity via
S-nitrosylation, these findings are consistent with the notion that the formation of SNO-
XIAP may render primary cortical neurons more susceptible to excitotoxic cell death.
Additionally, using a previously developed technique involving quantitative immunoblots30,
we found evidence that levels of SNO-XIAP in human brains with neurodegenerative
diseases are of pathophysiological significance (Figure S6C and Table S1).

Transnitrosylation from Caspase-3 to XIAP
NO has been reported to constitutively S-nitrosylate the pro-form of caspase-3. Activation of
cell death pathways induces both cleavage and selective denitrosylation of the catalytic
cysteine residue of caspase-3, resulting in activation (Mannick et al., 1999). S-Nitrosylation
of caspase-3 has been demonstrated in several cell types, including primary cortical neurons
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(Dimmeler et al., 1997; Melino et al., 1997; Tenneti et al., 1997). Interestingly, SNO-
thioredoxin (Trx) can transnitrosylate caspase-3, possibly representing an anti-apoptotic
activity of Trx (Mitchell and Marletta, 2005). Since XIAP can also be nitrosylated and
interacts with caspase-3, we asked if a mechanism for caspase denitrosylation and activation
could involve transnitrosylation, i.e., transfer of the NO group from caspase-3 to XIAP? To
determine this, we first exposed purified caspase-3 or XIAP to SNOC to allow the formation
of SNO-caspase-3 or SNO-XIAP, respectively. Then, each of these S-nitrosylated proteins
was mixed with their unlabeled counterpart, i.e., SNO-caspase-3 with XIAP or SNO-XIAP
with caspase-3 to induce potential transnitrosylation. Subsequently, we detected the transfer
of NO from caspase-3 to XIAP by the biotin-switch assay, i.e., we observed
transnitrosylation from caspase-3 to XIAP but not vice-versa (Figure 7A). These results
suggest that NO is preferentially transferred from caspase-3 to XIAP. As a control, we
showed that residual SNOC was not the nitrosylating agent because NO had been totally
dissipated by SNOC at the time that the transnitrosylation reaction was initiated by adding
the potential substrate (XIAP in this case). Additionally, we found that SNO-caspase-3
could not transnitrosylate mutant XIAP(D148A), which was impaired in its interaction with
caspase-3 (Figure 7B). This latter result indicates that transnitrosylation requires physical
interaction between caspase-3 and XIAP. Furthermore, we confirmed that S-
transnitrosylation only occurs between XIAP and the catalytically processed (cleaved) form
of caspase-3 since the addition of SNO-procaspase-3 to XIAP did not generate SNO-XIAP
formation (Figure 7C). Importantly, we found evidence that the transnitrosylation reaction
from caspase-3 to XIAP would proceed under in vivo conditions by calculating the relative
redox potential (ΔE o′) using a modification of the Nernst equation and the associated
change in Gibbs free energy (ΔGo′) (see Figure S7 and Supplemental Experimental
Procedures).

DISCUSSION
In the present study, we demonstrate that endogenous levels of NO are capable of S-
nitrosylating the RING domain of XIAP, thus suppressing its E3 ligase activity in neuronal
cells. Point mutation of the cysteine residue at position 450 (C450H) in the RING domain
virtually eliminated S-nitrosylation of full-length XIAP. Since caspase-3 is normally a
substrate for XIAP E3 ligase, less caspase-3 is degraded when XIAP is S-nitrosylated and
thus caspase-dependent cell death pathways are further activated and contribute to neuronal
cell death (Figure 7D). Our finding that SNO-XIAP accumulates in the brains of human
patients with neurodegenerative diseases at pathophysiologically relevant levels supports a
role for SNO-XIAP in neurodegeneration.

We initially found in SH-SY5Y cells that S-nitrosylation of XIAP not only decreased its E3
ligase activity but also rendered cells susceptible to cell death triggered by Bax. We also
demonstrated in primary cerebrocortical neurons that direct reduction of XIAP levels by
RNAi led to increased caspase-3 activity and subsequent cell death elicited by NMDA.
These findings are consistent with the notion that decreased XIAP activity via nitrosylation
leads to SNO-XIAP-mediated caspase activation, which may at least in part underlie the
neuronal loss seen in several neurodegenerative diseases. Additionally, we observed
evidence for transnitrosylation in this system, resulting in the transfer of NO from SNO-
caspase-3 to XIAP, providing another mechanism for SNO-XIAP formation to increase
neuronal vulnerability. Mechanistic details of this reaction and its effect on XIAP activity
are discussed further in the Supplemental Data.

While this work was under review, another group found that XIAP is S-nitrosylated in
animal models of PD and human PD brains (Tsang et al., 2009). These authors reported that
very high (500 µM) concentrations of exogenous NO produced S-nitrosylation of cysteine
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residues in the BIR domains of XIAP to influence caspase binding and activity. We feel that
the discrepancy with our observation that XIAP is S-nitrosylated in the RING domain rather
than the BIR domains can be explained by our use of lower (physiological) levels of
endogenous NO to characterize the critical protein thiol undergoing reaction; very high
(non-physiological) amounts of exogenous NO can react indiscriminately with other protein
thiols to produce nitrosylation of virtually any cysteine residue, and therefore may affect
BIR domain cysteines in this manner (Tsang et al., 2009).

In conclusion, in this study, we demonstrate that NO negatively regulates the antiapoptotic
function of XIAP by decreasing E3 ligase activity. We find evidence for specific S-
nitrosylation of XIAP (to form SNO-XIAP) and posit that this reaction may be relevant to a
number of pathophysiological conditions mediated at least in part by nitrosative or oxidative
stress. The elucidation of this pathway to S-nitrosylation and inhibition of XIAP activity
also provides a potential target for therapies directed at neurodegenerative disorders and
possibly other diseases associated with nitrosative stress.

EXPERIMENTAL PROCEDURES
Plasmids

Most XIAP and caspase plasmids used in this study were previously published (Deveraux et
al., 1999; Shin et al., 2003; Yao et al., 2004). For details of other plasmids, see
Supplemental Experimental Procedures.

Generation of Recombinant Proteins
Recombinant proteins were purified from BL21 (DE3) E. coli as described previously
(Deveraux et al., 1999) with minor modifications (Supplemental Experimental Procedures).

NO-Biotin Switch Assays
The NO-biotin switch assay was performed as described previously (Jaffrey et al., 2001;
Yao et al., 2004) with some modifications (Supplemental Experimental Procedures).

Human Brain Tissue
Brains were obtained postmortem from subjects whose age, postmortem interval, and gender
have been described in part previously (Uehara et al., 2006); additional characteristics are
presented in Table S1. Human brain samples were analyzed with Institutional permission
under state of California and NIH guidelines. Informed consent was obtained according to
procedures approved by Institutional Review Boards at the University of California, San
Diego and the Sanford-Burnham Medical Research Institute, La Jolla.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. S-Nitrosylation of XIAP In Vitro and in Intact Cells
(A) Recombinant protein GST-XIAP (0.5 µM) was incubated with the physiological NO
donor SNOC (200 µM) at RT. After 30 min, S-nitrosylated XIAP was assessed by release of
NO, causing conversion of 2,3-diaminonaphthalene (DAN) to the fluorescent compound
2,3-naphthotriazole (NAT). The degree of NAT fluorescence from GST-XIAP was set at
100% (n = 3–4; *p < 0.001 by ANOVA).
(B) S-Nitrosylation of XIAP-RING domain in vitro. Recombinant truncated XIAP proteins,
His-BIR2 (BIR2), His-BIR2-3 (BIR2-3), and His-BIR2-3-RING (BIR2-3-RING) (0.2 µM
each) were incubated with SNOC. Thirty minutes later, S-nitrosylated protein was assessed
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by fluorescence assay. The degree of NAT fluorescence from the BIR-2-3-RING domains
was set at 100% (n = 3–5; *p < 0.01).
(C) S-Nitrosylation of XIAP in intact cells. SH-SY5Y cells were exposed to 200 µM SNOC,
and S-nitrosylated XIAP (SNO-XIAP) was detected by the NO-biotin switch assay. Equal
amounts of total XIAP in the cell lysate (Input) were verified. SNO-XIAP was detected by
the NO-biotin switch assay (Eluate). The “Control” sample was subjected to decayed (old)
SNOC under the same conditions. MMTS, methyl methane thiosulfonate; w/o Ascorbate, w/
o MMTS, and w/o Biotin represent controls without reducing agent, thiol blocking agent, or
biotin linker, respectively; arrowhead, XIAP; *, 60 kDa.
(D) S-Nitrosylation of XIAP-RING domain in intact cells. HEK293T cells were transfected
with GFP-tagged WT-XIAP or XIAPΔRING (ΔRING) and exposed to SNOC. Control WT
was exposed to decayed SNOC. S-Nitrosylation of transfected XIAP (SNO-GFP-XIAP) was
detected with the NO-biotin switch assay; equal loading was confirmed (Input GFP-XIAP).
Data are presented as mean + SEM.
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Figure 2. NMR Analysis of the XIAP-RING Domain
(A) [1H-15N] TROSY NMR spectra of native and S-nitrosylated XIAP-RING domain.
Chemical shift (CS) differences are shown between native RING (RING; blue) and S-
nitrosylated RING (SNO-RING; red). Cross peaks with significant CS changes caused by S-
nitrosylation (>0.02 ppm) are labeled with one letter amino-acid codes.
(B) CS perturbations induced by S-nitrosylation versus amino acid sequence.
(C) Higher-powered views of cross peaks with significant CS changes caused by S-
nitrosylation (>0.02 ppm). Cross peaks are marked in either red (S-nitrosylated form) or blue
(native form). Cross peaks without significant CS changes (<0.02 ppm) are labeled with
black one letter amino-acid codes.
(D) NMR structure of XIAP-RING domain (PDB: 2ECG). Residues manifesting CS
changes after S-nitrosylation are displayed in red (>0.02 ppm). Two cysteines (C450 and
C471) located proximate to the chemically shifted/perturbed residues are colored yellow.
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Figure 3. Identification of the Predominant S-Nitrosylation Site on XIAP and Formation of
SNO-XIAP in Vivo
(A) S-Nitrosylation of XIAP at Cys450 by NO-biotin switch assay. HEK-nNOS cells were
transfected with WT, C450H, or C471H XIAP constructs and exposed to the Ca2+

ionophore A23187 (5 µM) to activate endogenous nNOS.
(B) ETD-MS/MS spectra of XIAP-RING domain. To obtain MS/MS spectra, charge +6
precursors ([M+6H]+6) of unmodified RING (RING, top; 1053.68 m/z) and, after exposure
to 10 µM SNOC, S-nitrosylated RING (SNO-RING, bottom; 1058.40 m/z) were isolated for
the ETD experiment by a linear ion trap (LTQ) analyzer. Amino-acid sequence of the XIAP-
RING domain is listed at the top of the RING spectrum. c and z ions present in both
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modified and unmodified proteins are indicated in blue, while ions detected only in the
SNO-RING are in red. m/z values for C11

+3,C13
+2, and C16

+3 ions in the SNO-RING
spectrum are 425.17, 755.36, and 632.17, respectively. Additional MS data (LTQ Orbitrap
XL-MS and ETD-MS/MS) are available in Figures S3A and S3B.
(C) SNO-XIAP in brains of patients with neurodegenerative diseases. Postmortem brain
tissues from patients with neurodegenerative and non-CNS conditions (controls) were
subjected to the NO-biotin switch assay. Images separated by a black line are from the same
gel.
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Figure 4. Regulation of XIAP E3 Ligase Activity by S-Nitrosylation in Vitro and in Intact Cells
(A) In vitro S-nitrosylation of XIAP downregulates auto-ubiquitination. Purified
recombinant GST-XIAP was incubated with SNOC (200 µM) or old SNOC, and 30 min
later subjected to in vitro ubiquitination at RT. All samples were incubated with ATP.
SNOC decreased XIAP auto-ubiquitination, as detected by anti-XIAP antibody.
(B) S-Nitrosylation of XIAP reduces auto-ubiquitination in HEK293T cells. HEK 293T cells
co-transfected with HA-tagged ubiquitin plus Myc-tagged XIAP or Myc-tagged
XIAPΔRING were incubated with SNOC to S-nitrosylate XIAP. After 2 to 12 hr, cell
lysates were subjected to immunoprecipitation with anti-myc followed by immunoblot
analysis with anti-HA to detect ubiquitinated proteins.
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(C, D) S-Nitrosylation of XIAP in vitro down-regulates caspase-3 and -9 ubiquitination.
Recombinant GST-XIAP was incubated with SNOC or old SNOC and then subjected to in
vitro ubiquitination for 90 min at RT. All samples were incubated with ubiquitin and ATP.
High molecular weight forms of caspases-3 and -9, apparently representing
polyubiquitinated proteins, were detected with specific antibodies against these caspases.
(E) S-Nitrosylation of XIAP reduces caspase-3 ubiquitination in HEK293T cells. HEK293T
cells co-transfected with HA-tagged ubiquitin, Fas, Myc-tagged mutant caspase-3(C285A),
and His-tagged XIAP were exposed to SNOC. After 6 hr, cell lysates were
immunoprecipitated with anti-myc antibody followed by immunoblot analysis with the
indicated antibodies. Arrowhead, procaspase-3; *, immunoglobulin light chain.
(F) S-Nitrosylation of XIAP reduces caspase-9 ubiquitination in HEK293T cells. HEK 293T
cells co-transfected with HA-tagged ubiquitin, Bax, FLAG-tagged mutant
caspase-9(C285A), and Myc-tagged XIAP were exposed to SNOC. After 6 hr, cell lysates
were immunoprecipitated with anti-FLAG antibody followed by immunoblot analysis with
the indicated antibodies. Arrowhead, XIAP; *, immunoglobulin heavy chain.
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Figure 5. S-Nitrosylation of XIAP Augments Levels of Active Caspase-3 and Impairs XIAP
Protective Function
(A) S-Nitrosylation of XIAP by endogenous NO. HEK-nNOS cells were exposed to 5 µM
A23187 to activate nNOS in the presence or absence of the NOS inhibitor, Nω-nitro-L-
arginine (NNA), and SNO-XIAP was assessed by NO-biotin switch assay.
(B) Endogenous NO stabilizes cleaved caspase-3. HEK-nNOS cells co-transfected with
myc-tagged caspase-3, myc-tagged XIAP or XIAPΔRING, and Bax were incubated with
A23187 for 6 hr. Active caspase-3 (mycCaspase-3) was assessed by immunoblotting with
anti-myc antibody. Endogenous c-myc detected by anti-myc antibody served as a loading
control. SF, small fragment of cleaved caspase-3.
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(C) NO reduces the inhibitory effect of XIAP on caspase activity. SH-SY5Y cells were
transfected with a Bax expression plasmid. After 17 hr, cells were exposed to SNOC, and
DEVDase activity was measured 7 hr later. Co-expression of XIAP attenuated Bax-induced
caspase activation, an effect reversed by SNOC. XIAPΔR was less efficient than XIAP in
inhibiting caspase activity triggered by Bax expression, and SNOC had no effect on
XIAPΔR. As a control, the caspase inhibitor zVAD-fmk (25 µM) completely blocked Bax-
induced caspase activation (n = 3–7).
(D) NO reduces the antiapoptotic effect of XIAP. A Bax expression plasmid was transfected
into SH-SY5Y cells along with the indicated XIAP constructs. Apoptotic cell death was
monitored by counting the number of nuclei with condensed or fragmented chromatin with
Hoechst staining. Co-expression of XIAP attenuated Bax-induced apoptosis, an effect
reversed by SNOC. XIAPΔR was less efficient than XIAP in protecting cells from cell death
triggered by Bax expression, and SNOC had no effect on XIAPΔR. zVAD.fmk (25 µM)
completely blocked Bax-induced cell death (n ≥ 3; *p < 0.01 by ANOVA). Data are
presented as mean + SEM.
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Figure 6. XIAP Provides Neuroprotection from NMDAR-Mediated Excitotoxicity
(A) SNO-XIAP was detected in cultured rat cerebrocortical neurons after exposure to
NMDA by NO-biotin switch analysis. The NOS inhibitor NNA inhibited the formation of
SNO-XIAP.
(B, C) Reduction of XIAP levels by shRNA sensitizes cortical neurons to NMDA. Cortical
neurons were transfected with shRNAs, exposed to NMDA, and after 6 hr immunostained
with anti-NeuN (to identify neurons) and anti-cleaved caspase-3 (to detect active caspase-3).
The percentage of active caspase-3-positive neurons increased in XIAP shRNA-transfected
neurons compared to control neurons (B). In parallel, the number of apoptotic neurons
increased 8–14 hr later (C).
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(D) Enhanced antiapoptotic activity of XIAP(C450H). Cortical neurons were transfected
with XIAP or XIAP(C450H), exposed to NMDA, and after 12 hr immunostained with anti-
NeuN. Apoptotic cell death was monitored by counting the number of Hoechst-stained
nuclei containing condensed/fragmented chromatin (n ≥ 500 neurons scored in 3
independent experiments; *p < 0.05, **p < 0.01 by ANOVA). Data are presented as mean +
SEM.
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Figure 7. Transnitrosylation of XIAP by SNO-Caspase-3
(A) SNO-caspase-3 transnitrosylates XIAP but not vice-versa. Transnitrosylation reactions
were performed as described in the Supplemental Data. Amounts (Input) of XIAP and
caspase-3 were verified in each reaction. S-Nitrosylated proteins were detected by the NO-
biotin switch assay. All panels depicted are from the same gel.
(B) SNO-caspase-3 does not transnitrosylate an XIAP mutant lacking the caspase-3 binding
motif [XIAP(D148A)].
(C) Cleaved SNO-caspase-3 transnitrosylates XIAP. Caspase cleavage in HEK 293T lysates
was activated with dATP and cytochrome c (dATP/CytC). Caspase-3 was then
immunoprecipitated and exposed to SNOC. The resulting SNO-capase-3 was then incubated
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with recombinant XIAP to test for possible transnitrosylation. S-Nitrosylated proteins were
detected by the NO-biotin switch assay and revealed transnitrosylation from cleaved (rather
than full-length) SNO-caspase-3 to XIAP.
(D) Schematic Illustration of the Mechanism of SNO-XIAP—Mediated Neuronal Cell
Death. Pathway (1): Under normal conditions, XIAP efficiently blocks caspases.
Additionally, XIAP serves as an E3 ligase that ubiquitinates caspases and thus targets
caspases for proteasomal degradation. Pathway (2): Under nitrosative conditions, NO
inactivates the E3 ligase activity of XIAP via S-nitrosylation, thus stabilizing caspases, and
sensitizing neurons to apoptotic stimuli. Pathway (3): Constitutively S-nitrosylated caspases
serve as an additional mechanism to produce SNO-XIAP via transnitrosylation in neurons
undergoing apoptotic cell death.
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