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Nitric oxide (NO) physiologically regulates numerous cellular
responses through S-nitrosylation of protein cysteine residues.
We performed antibody-array screening in conjunction with bio-
tin-switch assays to look for S-nitrosylated proteins. Using this
combination of techniques, we found that phosphatase with se-
quence homology to tensin (PTEN) is selectively S-nitrosylated by
low concentrations of NO at a specific cysteine residue (Cys-83).
S-nitrosylation of PTEN (forming SNO-PTEN) inhibits enzymatic ac-
tivity and consequently stimulates the downstream Akt cascade,
indicating that Cys-83 is a critical site for redox regulation of PTEN
function. In ischemic mouse brain, we observed SNO-PTEN in the
core and penumbra regions but found SNO-Akt, which is known to
inhibit Akt activity, only in the ischemic core. These findings sug-
gest that low concentrations of NO, as found in the penumbra,
preferentially S-nitrosylate PTEN, whereas higher concentrations
of NO, known to exist in the ischemic core, also S-nitrosylate Akt.
In the penumbra, inhibition of PTEN (but not Akt) activity by
S-nitrosylation would be expected to contribute to cell survival
by means of enhanced Akt signaling. In contrast, in the ischemic
core, SNO-Akt formation would inhibit this neuroprotective path-
way. In vitro model systems support this notion. Thus, we identify
unique sites of PTEN and Akt regulation bymeans of S-nitrosylation,
resulting in an “on–off” pattern of control of Akt signaling.
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Nitric oxide (NO) exerts pleiotropic cellular responses on
proliferation, apoptosis, neurotransmission, and neurotox-

icity in several types of cells by means of protein S-nitrosylation.
This modification occurs by means of oxidative reaction between
NO and cysteine (Cys) thiol in the presence of an electron acce-
ptor (such as O2 or a transition metal) or through transni-
trosylation from S-nitrosothiol to another Cys thiol (1–3).
Several methods have been published to detect S-nitrosylated
proteins (SNO-Ps) by using antibodies, photolysis, and mercury
affinity (4). In particular, the biotin-switch assay is a modified
immunoblot developed by Jaffrey and Snyder that has been
commonly used to detect endogenous SNO-Ps; this method has
greatly advanced the field (5). Subsequently, other methods have
been developed to detect SNO-Ps (6), but some of them involve
samples treated with high concentrations of NO donor. In the
presence of high concentrations of NO, however, it is possible
that some Cys residues are artifactually S-nitrosylated.
Antibody arrays have been used to profile protein expression

levels with high sensitivity. Each spotted antibody can be vali-
dated for its ability to bind proteins in the assay. Samples hy-
bridizing to each antibody on the array can be easily detected.
Although a number of proteins have been identified as substrates

for S-nitrosylation in the past several years (3–6), we hypothe-
sized that many more candidates modified by physiological levels
of NO might still remain to be identified. We therefore tested
whether an antibody array might be adapted for identification of
additional SNO-Ps and their (patho)physiological functions.
In the present study, we attempted to isolate SNO-Ps in phys-

iological condition by an antibody array. We prepared extracts
from cells treated or untreated with NO and specifically labeled
with biotin. We found that phosphatase with sequence homol-
ogy to tensin (PTEN) is preferentially S-nitrosylated by low
concentrations of NO. Although other reports have shown that
PTEN can undergo S-nitrosylation by high concentrations of NO
(7–13), here we found a significance of the (patho)physiological
function of S-nitrosylated PTEN (SNO-PTEN) on the Akt path-
way using in vivo and in vitro systems. Our results suggest that
inhibition of PTEN activity through S-nitrosylation augments Akt
signaling, thereby contributing to cell survival in ischemic brains
and activation of endothelial NO synthase (eNOS).

Results
Screening for S-Nitrosylated Neural Proteins. Initially, we developed
a unique screening system for isolating previously undescribed
SNO-Ps in neuronal systems using an antibody array. Samples
were prepared from human neuroblastoma SH-SY5Y cells that
had been exposed to calcium ionophore A23187, which activates
endogenous neuronal NO synthase (nNOS) and eNOS to pro-
duce physiological concentrations of NO. S-nitrosylated Cys
residues in cell lysates were converted to their biotinylated form
by using the biotin-switch technique (5). These samples, con-
taining biotinylated cysteines, were subjected to antibody array,
and fluorescent intensities were detected (Fig. S1). Twenty-five
candidates were identified, including known SNO-Ps such as
caspase, NOS, and HDAC (Table S1; refs. 14–16). Among the
other candidates, we focused on the effect of S-nitrosylation on
PTEN activity and its physiological functions. PTEN is an in-
hibitory regulator of the PI3-kinase/Akt signaling pathway,
thereby attenuating cell growth, migration, and survival (17–21).
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S-Nitrosylation of PTEN. To validate S-nitrosylation of PTEN, we
examined whether PTEN was significantly S-nitrosylated by a low
concentration of the physiological NO donor S-nitrosocysteine
(SNOC). SNOC markedly enhanced the level of SNO-PTEN in
cell lysates and intact cells. SNO-PTEN was not detected in
control biotin-switch assays performed without ascorbate to
remove NO, thus preventing replacement of NO by biotin (Fig.
1A). As expected, PTEN was highly sensitive to NO; SNO-PTEN
formation was detected in human embryonic kidney (HEK) 293
cells after treatment with 1–10 μM SNOC (Fig. 1 B and C).
Furthermore, this modification was also found in cells exposed to
various other types of NO donors, including S-nitroso-glutathione
(GSNO) and 2-(N,N-diethylamino)-diazenolate-2-oxide (DETA-
NONOate; Fig. S2).
Next, to investigate whether endogenously generated NO

also induces SNO-PTEN formation, we used HEK cells stably
expressing nNOS. PTEN was S-nitrosylated by endogenous NO
in response to A23187 in a NOS-inhibitor–sensitive manner
(Fig. 1D and Fig. S3). Mammalian PTEN has five cysteines in its
phosphatase domain (17). To determine the target site of
S-nitrosylation on PTEN, we mutated each cysteine to serine and
assayed for SNO-PTEN formation using the biotin-switchmethod.
HEK cells were transfected with expression vectors encoding ei-
ther wild-type (WT) FLAG-PTENormutant forms of the protein.
After 24 h, cells were exposed to SNOC or control conditions and
monitored for SNO-PTEN. We found that C83S mutant PTEN
produced almost no signal, suggesting that Cys-83 was the pre-
dominant S-nitrosylation site (Fig. 1E). Furthermore, we per-
formed a chemical assay on purified recombinant PTEN to detect
S-nitrosylation using 2,3-diaminonaphthalene (DAN). DAN
stoichiometrically converts to fluorescent 2,3-naphthyltriazole in
the presence of NO released from S-nitrosothiol. SNOC-treated
PTEN resulted in significant SNO-P formation, whereas the

PTEN(C83S) mutant was completely devoid of fluorescent sig-
nal (Fig. S3).
PTEN is known to be oxidized by high concentrations of H2O2

(>0.5 mM), which result in disulfide bond formation between
Cys-71 and active site Cys-124 (22). Thus, we tested whether NO
also induced disulfide bond formation in PTEN. However, even
high concentrations of NO did not result in disulfide formation
(Fig. 1F), consistent with the notion that S-nitrosylation of PTEN
occurred solely at Cys-83. Thus, disparate Cys residues appear
to be involved in S-nitrosylation and H2O2-mediated oxidation
of PTEN.

SNO-PTEN Inhibits Phosphatase Activity Through C83. To determine
whether S-nitrosylation affected PTEN activity, we initially
monitored recombinant PTEN enzyme activity. Phosphatase ac-
tivity was evaluated with a standard assay by measuring phosphate
released from phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)
P3], a physiological substrate (23). Exposure of recombinant
PTEN to SNOC significantly decreased the level of phosphate in
a dose-dependent manner (Fig. 2A). This decline was reversed to
basal levels after incubation with the chemical-reducing agent
DTT, indicating that S-nitrosylation in PTEN was reversible (Fig.
2B). Next, we assessed the enzymatic activity of WT recombinant
PTEN and Cys mutants. Cys-124 is essential for PTEN activity;
thus, even in the absence of SNOC exposure, the C124S mutant
completely lost its enzyme activity (Fig. 2C). In contrast, the C83S
mutant maintained its enzymatic activity even after exposure to
high concentrations of SNOC (Fig. 2C). Therefore, we made the
observation that not only is Cys-83 the principal target site for
PTEN oxidation by S-nitrosylation, but that this modification
influences enzymatic activity by a mechanism distinct from that
of oxidation by H2O2.

A D

B E

C F

Fig. 1. S-nitrosylation of PTEN in vitro and in vivo. (A, Upper) Cell lysates from HEK293T cells were incubated with 50 μM SNOC or control solution for 20 min,
followed by assay for SNO-PTEN using the biotin-switch assay. Control samples were subjected to decayed (old) SNOC. (Lower) Total PTEN in cell lysates was
detected by Western blot. (B, Upper) HEK293T cells were exposed to varying concentrations of SNOC for 20 min, followed by assay for SNO-PTEN. (Lower)
Total PTEN. (C) Biotin-switch assay and Western analysis were quantified by densitometry; the relative ratio of SNO-PTEN to total PTEN was calculated for
each sample. Values are means ± SEM, n = 3. (D, Upper) HEK cells expressing nNOS were assayed for endogenous SNO-PTEN. nNOS was activated by Ca2+

ionophore A23187 (5 μM) in the presence or absence of NOS inhibitor (NG-Nitro-L-arginine methyl ester, L-NAME, 1 mM). (Lower) Total PTEN. (E, Upper)
S-nitrosylation of Cys-83 in PTEN. HEK cell lysates transduced with WT or C-to-S mutant FLAG-PTEN proteins were exposed to 10 μM SNOC or control for
20 min. SNO-PTEN was detected by biotin-switch assay using anti-FLAG antibody. Mutation of a critical cysteine thiol group in the phosphatase domain of
PTEN(C83S) prevented S-nitrosylation by SNOC. (Lower) Total PTEN. (F) Effect of NO on oxidation of PTEN. HEK293 cells were incubated with the indicated
concentration of SNOC or H2O2 for 20 min. Cell protein extracts were prepared in lysis buffer (pH 6.8) containing 40 mM N-ethylmaleimide and fractionated
by nonreducing SDS/PAGE followed by Western analysis with anti-PTEN antibody.
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Low Concentrations of NO Inhibit PTEN to Increase Akt Activity. Be-
cause PTEN phosphatase activity negatively regulates the PI3-
kinase/Akt signaling cascade and acts upstream of Akt (17–19),
we speculated that PTEN inhibition induced by S-nitrosylation
might activate the Akt pathway. Therefore, we first investigated
how various concentrations of SNOC affected Akt activity and
its downstream cascade. We found that a relatively low con-
centration of SNOC (10 μM) markedly increased the level of
phosphorylated Akt (pAkt; at Thr-308 and Ser-473) in a time-
dependent fashion (Fig. 3 A and B). In contrast, high SNOC
concentrations (e.g., 250 μM) did not result in increased pAkt
(Fig. 3A), even though SNO-PTEN formation was still evident
at >50 μM SNOC (Fig. 1B). Thus, under these conditions the in-
crease in pAkt levels appeared only after exposure to low con-
centrations (10 μM) of SNOC and not after high concentrations
(250 μM). We next monitored Akt activity in cells in response to
various concentrations of SNOC. Low concentrations of SNOC
(≤10 μM) enhanced, whereas high concentrations (≥250 μM)
attenuated, substrate phosphorylation by Akt (peNOS at Ser-
1177; Fig. 3 C and D).
Next, we expressed PTEN(C83S), the nonnitrosylatable mu-

tant of PTEN, in cells to further confirm that attenuation of
PTEN phosphatase activity by NO is involved in Akt activation.
After transfection with PTEN(C83S), low concentrations of
SNOC no longer enhanced pAkt levels, consistent with the no-

tion that inhibition of WT PTEN enzymatic activity that we
observed after S-nitrosylation leads to stimulation of a down-
stream cascade involving Akt (Fig. 3E). In contrast, we observed
that after exposure to high concentrations of an NO donor (≥100
μM), not only PTEN but also Akt was S-nitrosylated, and thus
Akt was directly inhibited (Fig. 3F), which is consistent with prior
reports (24–26).
We then determined whether SNO-PTEN was formed after

exposure to endogenous NO in nNOS- and eNOS-expressing
cells. Treatment with A23187 to increase Ca2+, and thus stim-
ulate NOS, resulted in formation of SNO-PTEN, but not SNO-
Akt, in both cell types. As a measure of NO generated, the
amount of nitrite produced by nNOS or eNOS cells was appro-
ximately the same as that generated by 10–30 μMSNOC (Fig. S4).
These findings showed that S-nitrosylation of PTEN is inde-
pendent of NOS isoform and that it occurred in the presence of
low (physiological) levels of NO (Fig. S4). In contrast, exposing
primary cortical neurons to neurotoxic concentrations of NMDA
(≥200 μM), which is known to generate high levels of NO,
resulted in the formation of both SNO-PTEN and SNO-Akt
(Fig. S5). From these results, we conclude that S-nitrosylation of
PTEN occurred with physiological levels of NO derived from
eNOS or nNOS, while Akt was also nitrosylated in the presence
of pathological levels of NO generated by neurotoxic concen-
trations of NMDA. Moreover, our findings suggest that low (≤10
μM) concentrations of SNOC, although nitrosylating PTEN,
could not S-nitrosylate Akt; this modification led to PTEN in-
hibition and consequently Akt phosphorylation/activation. Thus,
the sensitivity of PTEN to NO was higher than that of Akt under
physiological conditions in our experiments.

Formation of SNO-PTEN Results in Phosphorylation of Akt Substrates.
We next asked whether activation of Akt after exposure of cells
to low concentrations of SNOC led to phosphorylation of Akt
substrates. Akt activity was assessed by measuring the level of
phosphorylated mTOR (pmTOR; at Ser-2448), an Akt substrate
(27). Levels of pmTOR were markedly increased after exposure
to 10 μM SNOC, after a time course that paralleled Akt phos-
phorylation (Fig. 3 G and H). These functional observations
were also consistent with the notion that low NO concentrations
(≤10 μM) induced formation of SNO-PTEN, but not SNO-Akt,
and consequently activated the Akt signaling cascade. To further
substantiate our conclusion that activation of Akt after exposure
to low concentrations of NO is dependent on S-nitrosylation and
resultant inhibition of PTEN, we investigated the effect of
wortmannin, a PI3-kinase inhibitor, on NO-induced Akt activa-
tion. Treatment with wortmannin resulted in significant attenu-
ation of pAkt formation in response to low concentration of
SNOC (Fig. 3I). This observation is consistent with the notion
that NO stimulatesAkt signaling through formation of SNO-PTEN
with resultant inhibition of PTEN activity because this increase in
pAkt would occur by means of increased PI3-kinase activity.
Additionally, it had been shown that eNOS is activated by

Akt-dependent phosphorylation (28, 29). We therefore asked
whether Akt activation after SNO-PTEN formation led to eNOS
phosphorylation/activation in endothelial cells. We found that
the level of phosphorylated eNOS (peNOS) protein rapidly in-
creased and was sustained for up to 2 h after exposure to 10 μM
SNOC in the mouse F2 endothelial cell line (Fig. 4 A and B).
This SNOC-induced eNOS phosphorylation (at Ser-1177) was
abrogated by Akt inhibitors (Fig. 4C; refs. 30 and 31). Next, we
monitored eNOS activity by measuring the conversion of [3H]
arginine to [3H]citrulline (32). We found that SNOC significantly
augmented the formation of citrulline from arginine in an Akt
inhibitor-sensitive manner (Fig. 4D). These findings are consistent
with the notion that enhanced Akt activity, resulting from PTEN
nitrosylation, leads to eNOS phosphorylation and activation.

A

B

C

Fig. 2. S-nitrosylation of PTEN regulates its phosphatase activity. (A and B)
Effect of S-nitrosylation on PTEN phosphatase activity. (A) In vitro expressed
GST-fused PTEN was incubated with the indicated concentrations of SNOC
and evaluated by phosphatase assay. (B) Recombinant PTEN and SNO-PTEN
were assayed for lipid phosphatase activity against PI(3,4,5)P3 with or
without DTT. Release of phosphate was detected colorimetrically with Bio-
mol green reagent. Values are means ± SEM, n = 5; *P < 0.01 by ANOVA. (C)
GST-fused WT-PTEN (white), PTEN(C83S) (green), and dominant-negative
PTEN(C124S) (black) were expressed and purified from bacteria, exposed to
SNOC, and assayed for phosphatase activity. Values, expressed as percentage
of WT in the absence of SNOC, are means ± SEM, n = 5; *P < 0.01 by ANOVA.
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SNO-PTEN Inhibits Neuronal Apoptosis. To study the effect of SNO-
PTEN on apoptotic cell death, we initially used an in vitro model
system. For this purpose, we exposed human neural SH-SY5Y
cells to staurosporine while overexpressing either WT or C83S
mutant PTEN (Fig. S6). After treating the cultures with a low
concentration of SNOC to activate the Akt pathway by means of
SNO-PTEN formation, we found that apoptosis was significantly
attenuated in WT, but not NO-insensitive C83S-PTEN mutant-
expressing cells. This finding is in accord with the fact that Akt
is known to be important in cell survival signaling and that it
ameliorates apoptosis (33, 34).
Next, we studied the effect of SNO-PTEN formation in vivo in

a rodent model of cerebral ischemia (stroke). In ischemic brain,
the generation of NO contributes to neuronal cell death, and NO
production is mediated, at least in part, by excessive stimulation
of NMDA-type glutamate receptors (35, 36). Within 24 h of
focal cerebral ischemia induced by middle cerebral artery oc-
clusion (MCAO), cell death occurs by necrotic and apoptotic
mechanisms (37). We surmised that the difference observed
between the ischemic core (subcortex, including striatum) and
penumbra (cortex) might be partly dependent on Akt/PTEN
inactivation through S-nitrosylation. Although SNO-PTEN was
observed in both the ischemic core and penumbral regions, SNO-
Akt formation was detected only in the ischemic core and not in
the penumbra (Fig. 5A). To compare semiquantitatively SNO-P
levels in the core and penumbral regions of ischemic brains, we
analyzed our blots by densitometry to calculate the ratio of SNO-
PTEN or -Akt (determined by biotin-switch assay) to total PTEN
or Akt (by Western blot; Fig. 5B). We found that the ratios of

both SNO-PTEN/total PTEN and SNO-Akt/total Akt were sig-
nificantly enhanced in both the ischemic core and penumbra, but
only SNO-PTEN/PTEN was elevated in the penumbra. In line
with these data, we also found that the levels of nitrosothiol in
the core were higher than in the penumbra, as estimated by
the Saville reaction on tissue samples (Fig. 5C). Additionally, we
precipitated and then separated on SDS/PAGE biotinylated
proteins (representing proteins that had been S-nitrosylated and
subsequently labeled by the biotin-switch method) followed by
silver staining to estimate the number and intensity of total SNO-
Ps in the ischemic core and penumbra. The number of SNO-Ps in
the ischemic core was distinctly increased compared with the
penumbral region (Fig. S7). These results reveal that SNO-P
formation in vivo depends upon the concentration of NO in the
ischemic areas of the brains.
Our finding of enhanced levels of SNO-PTEN, but not SNO-

Akt, in the penumbra led us to look for phosphorylation/acti-
vation of Akt in this region to determine whether it was indeed
phosphorylated after ischemia, as would be predicted. In fact, we
found that the predominant location of pAkt-positive cells was in
the penumbra and not in the core. Moreover, we found that the
pAkt-positive cells mostly coincided with PTEN signal in the
penumbral region. In addition under our conditions, we detected
fewer TUNEL-positive cells, representing apoptotic neurons, in
the penumbra region than in the core region (Fig. 5 D and E and
Fig. S8). These findings are consistent with the notion that in the
face of low concentrations of NO in the ischemic penumbra,
neuroprotection may be enhanced by Akt activation through
SNO-PTEN. Hence, the ischemic model provides in vivo support

A

B F

C G

D H

E I

Fig. 3. S-nitrosylation of PTEN by low concentrations of
SNOC activates the Akt pathway. (A and B) HEK293T cells
were exposed to 10 or 250 μM SNOC for the indicated period.
pAkt (Upper) and total Akt (Lower) were detected by Western
analysis with anti-pAkt(Ser-473), anti-pAkt(Thr-308), and anti-
Akt antibodies. (C and D) Akt kinase activity was enhanced by
low and suppressed by high concentrations of SNOC. Kinase
activity was monitored in F2 cells 30 min after exposure to
SNOC by assessing phosphorylation of substrate protein eNOS
using peNOS(Ser-1177) antibody. Values are means ± SEM,
n = 4; *P < 0.01 by ANOVA. (E) WT and PTEN(C83S) mutant-
expressing HEK cells were treated with 10 μM SNOC for 1 h,
and phosphorylation of Akt (Thr-308) was assessed by West-
ern blot. (F) Low concentrations of SNOC did not produce
SNO-Akt. (Upper) F2 cells were incubated with the indicated
concentration of SNOC and SNO-Akt detected by biotin-
switch assay. (Lower) Total Akt. (G) SNOC stimulates phos-
phorylation of the Akt substrate mTOR. HEK293T cells were
treated with 10 μM SNOC for the indicated periods of time.
pmTOR (at Ser-2448) and Akt were detected by Western
analysis. (H) Ratio of SNO-PTEN/PTEN, SNO-Akt/Akt, pAkt/Akt,
and pmTOR/mTOR levels after exposure to 10 μM SNOC.
Relative intensity was quantified by using NIH Image soft-
ware. Values are mean ± SEM, n = 4–7. (I) HEK293T cells were
pretreated with 10 nM wortmannin for 10 min and then
stimulated with 10 μM SNOC for 2 h. pAkt and total Akt were
monitored as in A.
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for the dependence of the positive and negative regulatory sys-
tem of Akt signaling on NO concentration.

Discussion
Protein Cys thiols undergo a range of reactive nitrogen species
(RNS)-dependent or reactive oxygen species (ROS)-dependent
electrophilic and oxidative modifications. Through these reac-
tions, nitrosative and oxidative stress affect the physiological
function of proteins (38–41). Reversible modifications are asso-
ciated with homeostatic maintenance by means of cellular redox
state, but excessive amounts of RNS/ROS can elicit irreversible
protein dysfunction. Here, we show that PTEN is highly sensitive
to relative low concentrations of NO and that its enzymatic ac-
tivity is inhibited by the resulting S-nitrosylation of Cys-83. In
comparison, high H2O2 concentrations result in the oxidation of
Cys residues on PTEN and formation of a disulfide bond be-

tween Cys-78 and -124. Heretofore, it has not been reported that
distinct Cys residues react with NO and H2O2. Clues for the
underlying mechanisms for these disparate reactions may lie in
the 3D structure of PTEN. The atomic structure of PTEN
reveals that Cys-83 is located between the pα2 and pβ4 regions
(42). Asp-77, located proximal to the pα2 region, and Glu-114,
located distal to the pα3 region, are both situated in the vicinity
of Cys-83 in the 3D structure, showing that Cys-83 is surrounded
by a motif favoring nitrosylation (43).
In the present study, we demonstrate that Cys-83 is a direct

target of NO, indicating that the modification site and mode of
oxidation caused by NO completely differs from H2O2. In con-
trast to Cys-83, Cys-124 is located in the enzymatic active site of
PTEN and forms a disulfide bond with Cys-71 after exposure to
high concentrations of H2O2 (22).
Because S-nitrosylation of PTEN inhibits its enzymatic activity,

we also found that low concentrations of NO result in less de-
phosphorylation on Akt and thus increased Akt activity. In con-
trast to S-nitrosylation of PTEN, SNO-Akt formation results in
inhibition of Akt activity (24–26). However, in the present study
we show that higher concentrations of NO are necessary to S-
nitrosylate Akt than PTEN. Thus, in the presence of low (physi-
ological) concentrations of NO, SNO-PTEN formation would
enhance Akt signaling activity, whereas high (pathological) levels
of NO would S-nitrosylate Akt to inhibit its function directly or
might act on an unknown upstream target to attenuate Akt
phosphorylation. Transnitrosylation from one SNO-P to another
has recently been demonstrated for several proteins (1–3, 44), so
it is possible that under some circumstances SNO-Akt could
transfer NO to PTEN because PTEN is a better NO acceptor than
Akt. However, for the same reason, it is unlikely that the converse
is true—i.e., that Akt activity is attenuated by transnitrosylation
derived from SNO-PTEN at physiological concentrations of NO.
Additionally, we explored possible pathophysiological roles

of S-nitrosylation of PTEN and Akt in vitro and in vivo. In-
terestingly, we found that SNO-PTEN is detected in both the
core and penumbral regions of a stroke, whereas SNO-Akt is
only found in the core region. Although it has been reported that
PTEN can react with NO (7–13), the pathophysiological con-
sequences of this reaction have not yet been fully elucidated.
Recently, Pei et al. (11) reported that formation of SNO-PTEN
occurred during brain ischemia, but the effect of S-nitrosylation
on Akt signaling was not determined. Based on our findings, we
speculate that a possible contributing factor to rescue of the
penumbral region in the ischemic brain is that the lower levels

A C

B D

Fig. 4. S-nitrosylation of PTEN promotes eNOS phosphorylation by means
of Akt activation. (A) Human endothelial F2 cells were exposed to 10 μM
SNOC for the indicated periods of time. peNOS (at Ser-1177; Upper) and
total eNOS (Lower) were detected by Western analysis. (B) Ratio of increased
peNOS levels. Intensity level was quantified from blots by using NIH Image
software. Values are means ± SEM, n = 3; *P < 0.01 by ANOVA. (C) Akt
inhibitors block phosphorylation of eNOS stimulated by exposure to SNOC.
Cultures were treated with 10 μMAkt inhibitor II or IV (or control) for 30 min
and then incubated with 10 μM SNOC or control solution. The levels of
peNOS and eNOS were examined 30 min later by Western analysis. (D) eNOS
activity in protein homogenates was measured with a citrulline assay. Values
are means ± SEM, n = 5; *P < 0.01 by ANOVA.

A

C D E

B

Fig. 5. S-nitrosylation of PTEN promotes neuroprotection
through Akt activation in vitro and in vivo. (A) S-nitrosylation
of PTEN and Akt after cerebral ischemia in mice. Brain tissue
from infarcted hemispheres was harvested 24 h after a 2-h
MCAO and subjected to biotin-switch assay to detect in vivo
S-nitrosylation of PTEN and Akt. (B) Ratio of increased SNO-P
to total protein. Blots from biotin-switch assays and Western
analyses were quantified by densitometry, and the relative
ratio of SNO-PTEN to total PTEN or SNO-Akt to total Akt in
both hemispheres was calculated. Values are means ± SEM,
n = 4; *P < 0.01 by ANOVA. (C) NO levels, as reflected by total
nitrosothiol (RSNO) in ischemic brain tissue, were measured by
the Saville reaction. A significant increase in RSNO was found
in both the ischemic core and penumbra. Values are means ±
SEM, n = 7; *P < 0.05 by ANOVA. (D) Number of pAkt-positive
cells in the core and penumbra of ischemic brain. Values are
means ± SEM, n = 4; *P < 0.05 by ANOVA. (E) Number of
TUNEL-positive apoptotic neurons in the core and penumbra
of ischemic brain. Values are means ± SEM, n = 4; *P < 0.05
by ANOVA.
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of NO found in the penumbra result in S-nitrosylation of PTEN
rather than Akt. Thus, from our findings, the penumbra, where
SNO-PTEN is present in the absence of SNO-Akt, would be
expected to have increased Akt neuroprotective signaling activ-
ity compared with the core of the infarct where Akt is also
S-nitrosylated because of higher concentrations of NO.
In summary, although there have been other reports that

oxidation/S-nitrosylation suppresses PTEN activity (22, 45), our
results demonstrate the unique finding that high concentrations
of NO affect not only PTEN but also downstream Akt, which
thus inhibits Akt signaling and hinders cell survival in the is-
chemic core. Our work shows the need to characterize the sen-
sitivity to NO of several proteins in a signaling cascade in order
to determine the net effect of S-nitrosylation events (46).
In conclusion, our findings provide mechanistic insight into

S-nitrosylation of PTEN, showing that PTEN is negatively reg-
ulated by lower NO concentrations than Akt and suggesting that
NO could be the physiological oxidative modulator of PTEN
rather than high concentrations of H2O2. Moreover, the fact that
high concentrations of NO directly inhibit Akt activity through
S-nitrosylation suggests the presence of a previously undescribed
on–off regulatory system for Akt signaling depending on NO
concentration, with low concentrations of NO activating Akt

through formation of SNO-PTEN, whereas high concentrations
of NO directly deactivate Akt signaling.

Materials and Methods
Materials, biotin-switch assay, screen to detect SNO-P, fluorometric de-
tection of S-nitrosothiols, PTEN activity, assay for eNOS activity, PTEN oxi-
dation, transient focal cerebral ischemia, colorimetric detection of NO2,
accumulation in brain tissue, double-immunostaining, TUNEL staining, cell
counting, and cell death assay are described in SI Materials and Methods.

Chemicals and Antibodies. N-[6-(biotinamido)hexyl]-3′-(2′-pyridyldithio)pro-
pionamide was purchased from Pierce Chemical. Akt inhibitors were from
Calbiochem. Anti-PTEN, anti-phospho Akt(Thr-308), anti-phospho Akt
(Ser-473), anti-Akt, anti-phospho mTOR(Ser-2448), anti-mTOR, anti-
phospho eNOS(Ser-1177), and anti-eNOS antibodies were obtained from
Cell Signaling Technology. All other reagents were from Sigma-Aldrich.
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