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Extracellular signal-regulated kinase (ERK) belongs to the mitogen-activated protein kinases (MAPK)
superfamily. Aberrant upregulation and activation of ERK cascades may often lead to tumor cell
development. However, how ERK is involved in tumor progression is yet to be defined. In current study, we
described that ERK undergoes S-nitrosylation by nitric oxide (NO). ERK S-nitrosylation inhibits its
phosphorylation and triggers apoptotic program as verified by massive apoptosis in fluorescence staining.
The proapoptotic effect of NO induced S-nitrosylation is reversed by NO scavenger Haemoglobin (HB).
Furthermore, an S-nitrosylation dead ERK mutant C183A also demolishes the proapoptotic potential of NO
and favors cell survival. Therefore, Cys183 might be a potential S-nitrosylation site in ERK. In addition,
S-nitrosylation is a general phenomenon that regulates ERK activity. These findings identify a novel link
between NO-mediated S-nitrosylation and ERK regulation, which provide critical insights into the control
of apoptosis and tumor development.

N
itric oxide (NO) is a short lived free radical and plays critical roles in the regulation of neuronal, immune,
and cardiovascular systems1. It can be produced in many mammalian cells through a reaction catalyzed
by a family of NO synthases (NOS) with many isoforms1,2. NO predominantly functions as a messenger

or effector molecule and production of NO has been involved in cell death via apoptosis in neurons, macrophages
and a variety of tumor cells3. The pro-apoptotic effect of NO is tightly controlled by many cellular events and
apoptosis is correlated with increased levels of NO-mediated protein modification4. One of the most well-
established mechanisms of NO-induced modifications is S-nitrosylation5. This critical S-nitrosylation can regu-
late a plethora of biological processes such as cell proliferation, survival and especially apoptosis3,5. Although some
reports suggested an antiapoptotic role for ERK (extracellular signal-regulated kinases) via S-nitrosylation of
caspase-8, caspase-9 and BCL-2 (B-cell lymphoma 2) proteins, many other studies also identified that NO may
activate apoptotic processes via distinct mechanisms1,6,7. Overproduction of nitric oxide by high levels of exo-
genous nitric oxide donors often leads to activation of mitochondrial or death receptor mediated apoptotic
signaling pathways1,3. It has been reported that NO can impair the mitochondria respiratory chain and induce
apoptosis through haeme-nitrosylation of cytochrome c8. Treatment of ovarian carcinoma cells with the NO
donor nitrosylcobalamin (NO-Cbl) promotes S-nitrosylation of DR4, a member of death receptor family, at the
Cys336 residue and consequently activates apoptotic pathways9. Furthermore, NO-induced S-nitrosylation and
subsequent oxidation of MMP9 (matrix metalloproteinase-9) can lead to enzymatic activation, disruption of
extracellular matrix and contribute to one form of apoptosis, termed anoikis10. Other reports suggested that in
nitrosative cells states NO could probably activate not commonly involved caspases (e.g. caspases-1 and caspases-
10) and trigger apoptosis in human colon cancer cells. Nitrosative stress can also initiate apoptosis through
activation of mitochondrial pathways, such as release of cytochrome c and endonuclease G, as well as the
inhibition of NF-kB (nuclear factor kB) and increased p53 expression11.

ERK1/ERK2, also named MAPK3/MAPK1 (mitogen-activated protein kinase) officially, belongs to the mito-
gen-activated protein kinases superfamily which includes ERK5, JNKs and the p38 MAP kinases12. They are
activated by tandem phosphorylation of threonine and tyrosine residues on the dual-specificity motif (T-E-Y)
and involved in the regulation of cell cycle progression, proliferation, cytokinesis, transcription, differentiation,
senescence and apoptosis13. Many studies show that ERK1/2 pathway possesses anti-apoptotic functions, depend-
ing on the cell type and stimuli. The mechanism of ERK1/2 mediated cell survival is primarily through increased
activity of anti-apoptotic proteins such as Bcl-2, Mcl-1, IAP (inhibitor of apoptosis), and repressed pro-apoptotic
proteins such as Bad and Bim14. ERK1/2 activation is regulated by various mechanisms, including downstream
scaffolds, localization and inhibitors of ERK/MAPK signaling12,15. However, the exact relation between S-
nitrosylation and ERK1/ERK2 pathway has yet to be uncovered.

SUBJECT AREAS:
PHOSPHORYLATION

APOPTOSIS

CHEMICAL MODIFICATION

NITROSYLATION

Received
7 March 2013

Accepted
23 April 2013

Published
9 May 2013

Correspondence and
requests for materials

should be addressed to
Y.L. (luyan@nju.edu.
cn) or P.S. (ppshen@

nju.edu.cn)

* These authors
contributed equally to

this work.

SCIENTIFIC REPORTS | 3 : 1814 | DOI: 10.1038/srep01814 1



In current study, we aim to investigate the role of S-nitrosylation of
ERK1/2 in the regulation of phosphorylation of ERK1/2 in nitric
oxide-induced apoptosis of MCF-7 cells. Abnormal elevation of p-
ERK has been described in numerous tumor cells. We found that
nitric oxide decreases p-ERK level in NO-induced MCF-7 cell apop-
tosis. The mechanism by which nitric oxide mediates its regulation of
p-ERK involves S-nitrosylation of the protein. Mutational analysis
showed that the Cys183 is vital for S-nitrosylation of ERK1/2 and NO-
induced MCF-7 cell apoptosis. These findings uncover a new mech-
anism of nitric oxide-mediated regulation of ERK1/2 that could be
important in apoptosis resistance and the development of tumor
cells.

Results
Apoptosis and caspase activation induced by NO donor SNP. To
study the role of NO in the context of apoptosis, we investigated the
apoptotic responses in MCF-7 breast cancer cells. Cells were treated
with different concentrations of NO donor SNP ranging from 0–
2 mM either in the presence or absence of NO scavenger heamo-
globin (HB). We found a dose dependent increase in the apoptotic
fraction of MCF-7 cells at 12 h after NO treatment as indicated by
elevated fluorescence in Annexin-V/PI staining (figs. 1 A and B).
Significant apoptotic responses could be observed under the treat-
ment with 1 mM SNP and the apoptotic fraction was further
amplified with 2 mM SNP (figs. 1 A and B). The procaspase-9 was
proteolytically processed and cleaved PARP-1 (Poly [ADP-ribose]
polymerase 1) was also detected indicating an apoptotic process
(fig. 1C). We monitored cellular NO levels using Griess method.
SNP can break down to release NO and shows a dose-dependent
increase (fig. 1D). However, this effect can be reversed by HB
showing that NO can be cleaned effectively (fig. 1). We also
monitored the intracellular NO level by DAF fluorescence staining
and found that the NO level also increases (fig. 1E). However, the
apoptotic responses were significantly abrogated when cellular levels
of NO were cleared with HB implying that elevated NO might trigger
a massive apoptosis in MCF-7 cells (figs. 1 A–D). These results
suggest that NO play a proapoptotic role in MCF-7 cells.

NO inhibits the phosphorylation of ERK. There is considerable
evidence that ERK MAPK pathway promotes cell survival and
much efforts have been focused on this pathway12,15. ERK is dually
phosphorylated at a conserved TEY motif16. Therefore, we examined
the effect of NO on the phosphorylation status of ERK. Fig. 2A
showed that although a slight increase in phosphorylation of ERK
is evident at early time points, the phosphorylation level of ERK was
significantly diminished at 4 h and 5 h after SNP treatment. A
famous ERK substrate ELK1 was also phosphorylated at early time
points but decreased later following similar dynamics with levels of
phosphorylated ERK (fig. 2A). The inhibitory effect was further
augmented in a dose dependent manner as confirmed by immuno-
logical blot (fig. 2B). It has been shown that phosphorylated and
activated ERK (p-ERK) is able to phosphorylate PPARc on Ser112.
To further investigate the inhibitory effect of NO on ERK pho-
sphorylation and kinase activity, we transfected MCF-7 cells using
polycationic liposome transfection reagent LipofectamineTM2000
with either wild type (WT) ERK or a constitutive active form (TEY-
EED) harboring a point mutation. The transfected cells with wild
type ERK showed basal PPARc phosphorylation while those with the
active mutants (TEY-EED) presented a much higher phosphory-
lation level for PPARc (fig. 2C). However, NO donor SNP failed to
decrease the kinase activity of the mutational form TEY-EED
(fig. 2C). Furthermore upon SNP treatment, cells transfected with
wild type ERK caused substantially increased apoptosis (from 9.38%
to 56.94%) while transfectants with kinase active mutants (TEY-
EED) partially reverse the apoptotic effect (fig. 2D, from 56.94% to
20.47%). We also verified the SNP mediated inhibition of ERK
phosphorylation in HeLa cells (fig. S1). We further found that
adding NO donor SNP can trigger cellular apoptosis implying that
this inhibitory effect is not cell type specific (fig. S1). These results
indicated that SNP was able to inhibit ERK phosphorylation and
promote apoptosis.

NO can induce S-nitrosylation of ERK. S-nitrosylation is a
relatively abundant process in biological milieu on exposure to NO
donor (e.g. SNP). To determine whether NO can nitrosylate ERK,
detergent solubilized extracts were analyzed by biotin switch assay.

Figure 1 | Elevated NO levels induce apoptosis in MCF-7 cells. (A–B) SNP induces significantly elevated apoptosis and HB reverses the effect.

(C) SNP accelerates the process of procaspase-9 and PARP-1. (D–E). Quantification of cell outer NO levels using Griess method and intracellular NO

levels using DAF fluorescence staining.
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Extracts from 293T cells were treated with Cys-NO in the presence or
absence of ascorbate for 30 min and then subject to immunoblots. S-
nitrosylated cysteines are recognized by ascorbate-dependent SNO
cleavage followed by biotinylation of free thiols. We found that ERK-
SNO (i.e. S-nitrosylated ERK) could be detected when ascorbate was
added (fig. 3A). In addition, S-nitrosylation was further amplified
with increasing doses of SNP (from 0 to 2 mM, fig. 3B). These results
suggested that NO was able to S-nitrosylate ERK in a dose dependent
manner.

Mutations at Cys183 prevents ERK S-nitrosylation. There exist six
cysteine residues which allow for potential S-nitrosylation of ERK. A
preliminary computational prediction indicated that cysteine 183 is
the most possible S-nitrosylation site (fig. S2). To further ascertain
which cysteine residue is S-nitrosylated experimentally, we con-
structed all six transfected ERK mutants in MCF-7 cells harboring
one cysteine replaced by alanine (i.e. C to A mutation, fig. 4A). The
expression of endogenous mutants were verified by immunoblots
using anti-HA antibody. The results in fig. 4A showed that ERK

was detectable in all cells with distinctive ERK mutants. We fur-
ther investigated the inhibition of S-nitrosylation of ERK between
C183A and C271A and found that S-nitrosylated ERK is severely
attenuated in C183A transfected mutants (fig. 4B) and this is
consistent with the software prediction that C183A site has a better
score (fig. s2). We then transfected 293T cells with C183A mutant
and BST assay showed a significantly abolished S-nitrosylation of
ERK (fig. 4C). These results clearly indicate that the 183 cysteine
residue might be a principle S-nitrosylation site for ERK.

S-nitrosylation of ERK inhibits ERK phosphorylation and
promotes apoptosis. To establish the relation between ERK S-
nitrosylation and phosphorylation, we further transfected MCF-7
cells with wild type ERK or C183A mutant (i.e. S-nitrosylation
dead form) either in the presence or absence of SNP using Lipo-
fectamineTM2000. The endogenously transfected ERK was verified
by immunoblots (fig. 5A). The results showed that the phospho-
rylation of ERK was reduced when SNP was added (fig. 5A).
However, SNP failed to inhibit the phosphorylation of the C183A
mutant implying that blocking ERK S-nitrosylation might favor ERK
phosphorylation (fig. 5A). The kinase activity assay showed that ERK
kinase activity reduced under SNP stress. However, SNP failed to
inhibit the ERK kinase activity of the C183A mutant. This showed
that ERK S-nitrosylation directly affected the ERK phosphorylation
(fig. 5B). PPARc, a phosphorylation substrate of p-ERK was less
phosphorylated following SNP treatment while the phosphory-
lation status in transfectants with the C183A mutant form of p-
ERK was not affected (fig. 5C). Meanwhile, the proapoptotic effect
of SNP treatment was also reversed by transfection with C183A
mutant as evident by less procaspase-9 processing (fig. 5D). These
effects were also confirmed by fluorescence staining where cells with
C183A mutant was unable to commit apoptosis under SNP treat-
ment compared with transfectants with wild type ERK (figs. 5E).
There results indicate that S-nitrosylation of ERK inhibits ERK
phosphorylation and favors apoptosis.

S-nitrosylation of ERK under other stressed conditions. To
identify whether S-nitrosylation of ERK is a universal effect under
stressed conditions, we applied other stress-inducing agents includ-
ing hydrogen peroxide and TNF-a and performed immunoblotting
experiments. The results showed that ERK was also S-nitrosylated
under both stressed conditions (fig. 6). Meanwhile, the phosphory-
lation of C183A mutant cannot be inhibited under TNF-a and H2O2

treatment indicating that S-nitrosylation of ERK is probably
interrupted (fig. S3). In addition, the NO necessary for apoptotic
induction is generated intrinsically as evidenced by elevated NO
levels under H2O2 treatment (fig. S4). TNF-a treatment can also

Figure 3 | NO induces S-nitrosylation of ERK. (A) Extracts from 293T

cells treated with Cys-NO in the presence or absence of ascorbate

and the level of ERK-SNO was detected by S-nitrosylation (Immuno-

precipitation) assay in vitro. (B) 293T cells were treated with SNP (0 to

2 mM) and the level of ERK-SNO was detected by S-Nitrosylation Assay

(Biotin-Switch).

Figure 4 | Point mutations on cysteine residues inhibit S-nitrosylation.
(A) For mutants (TYAQ: C82A; HIAY: C144A; NAII: C271A; KIAD:

C183A; VGAD: C233A and TTAD: C178A) were explored for potential

inhibition of S-nitrosylation. (B) The level of ERK-SNO was normalized by

total ERK1/2. (C) KIAD mutant was examined for S-nitrosylation.

Figure 2 | NO inhibits the phosphorylation of ERK and promotes MCF-7
cells apoptosis. (A) Cells were treated with 1 mM SNP and the

phosphorylation of ERK was examined by immunoblots. (B) ERK

phosphorylation was quantified in cells treated with SNP (0 to 2 mM).

(C) Wild type and constitutively active mutant of ERK (TEY-EED) were

used to investigate the inhibitory role of NO on ERK phosphorylation.

(D) Apoptotic effects were examined using flow cytometry.
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impair ERK and PPARc phosphorylation, promote caspase-9
proteolytic degradation and induce apoptosis whereas transfection
with the S-nitrosylation dead C183A mutant can attenuate these
proapoptotic effects (fig. S5). These results suggested that S-
nitrosylation of ERK by intrinsic NO production is a general effect
that dictates apoptotic program under stressed conditions.

Discussion
Considerable efforts have been spent on targeting MEK-ERK-MAPK
pathway owing to its potential in promoting cell survival, prolifera-
tion and metastasis12. S-nitrosylation is a universal phenomenon
under nitrosative stress, however, the exact role of S-nitrosylation

in ERK regulation has never been identified. Our current study
describes that S-nitrosylation of ERK contributes to the cellular com-
mitment to apoptosis by inhibiting ERK phosphorylation and there-
fore adds another complexity to apoptotic regulation. We showed
that under nitrosative stress, NO donor SNP can initiate apoptotic
program in a dose dependent manner (fig. 1). As ERK phosphoryla-
tion favors cell survival, we further evaluated the phosphorylation
and activation status of ERK and found that ERK phosphorylation
was abrogated following SNP treatment (fig. 2). We speculated that
under nitrosative stress, ERK might be S-nitrosylated and this effect
was verified by biotin switch assay (fig. 3) and then we identified
Cys183 might be a potential nitrosylation site (fig. 4). For the relation-
ship between S-nitrosylation and phosphorylation of ERK, we
showed that S-nitrosylation was directly sabotage ERK phosphoryla-
tion and inhibit ERK kinase activity and therefore triggers apoptotic
program (fig. 5). However, the S-nitrosylation may not be restricted
to SNP treatment, while oxidative and pro-inflammatory stress can
also induce ERK S-nitrosylation through induction of intrinsic NO
(fig. 6). These results substantiate the critical role of S-nitrosylation
in ERK regulation.

S-nitrosylation is a ubiquitous posttranslational modification with
diverse biological outcomes and the NO displays both stimulatory or
inhibitory effects in the context of apoptosis1,3,4. In hepatocytes, S-
nitrosylation of caspase-8 blocked Bid activation and TNF-a induced
apoptosis1,6,7,17. NO donors were also found to inhibit assembly of
apoptosome1,6,7,17. Other reports showed that S-nitrosylation of cyto-
chorme c and GAPDH facilitates apoptosome formation and initi-
ates a p53 proapoptotic pathway respectively8,18. The opposing tasks

Figure 5 | S-nitrosylation of ERK1 directly inhibits ERK phosphorylation and promotes apoptosis. (A) MCF-7 cells were transfected with

ERK1-HA or ERK1 mutant form (C183A), the phosphorylation of ERK was determined by immunoblots. (B) ERK kinase activity was detected using the

ERK kinase assay kit. P 5 0.0022 (C) PPARc, a phosphorylation target of ERK was examined for phosphorylation status. (D) MCF-7 cells were transfected

with either wild type or C183A mutant ERK and the process of procaspase-9 was quantified by immunoblots. (E) Apoptotic effects of SNP in MCF-7 cells

transfected with either wild type or C183A mutant ERK were determined by flow cytometry.

Figure 6 | S-nitrosylation of ERK under other stressed conditions.
MCF-7 cells were treated with 0.5 mM H2O2 or 50 ng/mL TNF-a,

respectively for 6 hours and S-nitrosylation status was determined by

immunoblots.
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by NO is probably ascribed to the availability of enzymes, timing of
apoptotic stimuli, redox state, donor doses, spatial location of key
reactants and interactions with other molecules19. Therefore, a com-
bination of complex factors may determine the net effect of NO in a
specific cell type19. Noticeably in an investigation of dose effect,
Maejima et al. found that low doses of NO donor SNAP favor cell
survival while high doses may reduce cell viability20. Another report
also showed that adenovirus mediated transfer of inducible NOS
(iNOS) also contribute to elimination of various tumor cells21–23.
The dual effects of NO display concentration dependence. Low levels
of NO produced by tumor microenvironment favor tumor cell sur-
vival while tumor cells with high NO levels are dedicated to cell
death4. Given a proapoptotic role of NO, many possibilities exist
by triggering tumor cells to produce NO. Besides transfection,
IFN-c has also been linked to iNOS expression and presented in
clinical therapy of ovarian carcinoma24. Therefore, NO mediated
regulation may function as a promising adjuvant in cancer therapy.
Our current study evaluated the critical role of S-nitrosylation of
ERK in apoptotic1 induction and shed light on physiological and
pharmacological manipulation of apoptotic processes in tumor cells.

Mitogen-activated protein kinase (MAPK) cascades, in particular
the ERK cascades, are principle signaling pathways that dictate
homeostatic cell proliferation and survival12,25. Abnormal elevation
in ERK activities contribute to numerous diseases and tumor cell
metastasis12. We argue that ERK S-nitrosylation provides an intrinsic
way to eliminate tumor cells via cell death pathways. Noticeably,
the MCF-7 cell lines harbor numerous defects in apoptotic exe-
cution26–30. In current study, SNP treatment unleashes the apoptotic
potential of death resistant cells and therefore articulates a critical
modification in cell death regulation and probably tumor cell inter-
vention. We note that S-nitrosylation of ERK impedes dual ERK
phosphorylation on conserved threonine 202 and tyrosine 204 sites
known as TEY motif (fig. 5). A potential S-nitrosylation site of ERK
was identified at Cys183 (fig. 4). Owing to proximity in location, S-
nitrosylation at Cys183 probably present a spatial barrier to dual
phosphorylation of ERK, resulting in functional silencing of ERK.
Noticeably, there is overwhelming frequency in which ERK pathways
are aberrantly activated in cancer cells and much efforts have been
spent on targeting and inhibiting this pathway. Previous approaches
primarily cover the inhibitors of upstream ERK activators such as
Raf/Ras and MEK12. However, in our current study, we described
how S-nitrosylation can exert tight controls over ERK itself.
Therefore, we suggest that modulation of S-nitrosylation or cellular
redox state can indirectly dictate the functional status of ERK and in
turn, regulate various cellular processes such as proliferation, inflam-
mation, cell survival and especially tumor cell metastasis.

The majority of ERK substrates are transcription factors12,31.
Activated ERK can translocate to nuclear and regulate a myriad of
proteins. For example, Ets family transcription factors are phos-
phorylated by ERK leading to altered gene expression31. Therefore,
inhibition of ERK nuclear translocation might be to some extent a
potential way to protect normal cells from tumor transformation. To
current knowledge, ERK has no well-defined nuclear localization
sequence (NLS)32. However, following activation, some phosphory-
lation sites promote ERK translocation and nuclear import33. We
found that ERK S-nitrosylation inhibits its phosphorylation.
Therefore, ERK S-nitrosylation may potentially reduce ERK nuclear
translocation (data not shown) and ultimately providing another
promising way to the targeted intervention of ERK pathways.

In summary, our data provide evidence that NO serves as a pos-
itive regulator in apoptotic program. NO exerts this effect through its
capacity of S-nitrosylating ERK and inhibiting ERK phosphoryla-
tion. The S-nitrosylation of ERK might be a general phenomenon
under many stressed conditions and aid in normal cell protection.
Since ERK is abnormally upregulated in numerous diseases and
tumor cells, targeting ERK might via NO mediated S-nitrosylation

be one of the key regulations to terminate cancer cell survival and
proliferation. Our finding on ERK regulation by NO mediated S-
nitrosylation may possess important implications in prevention of
carcinogenesis.

Methods
Reagents and antibodies. DMEM were supplied by Gibco (Grand Island, N.Y.),
Site-directed Mutagenesis kit (SBS, beijing, China), TNF-a (Peprotech), the MMTS
(methyl-methyl-thiomethyl sulfoxide) and streptavidin-agarose (Fluka); biotin-
HPDP(Pierce); LipofectamineTM2000(Invitrogen). 3-Amino,4-aminomethyl-29,79-
difluorescein, diacetate (DAF-FM-DA), NO donor SNP, NO scavenger HB, hydrogen
peroxide (Haimen, Jiangsu, China). All chemicals were purchased from Sigma (St.
Louis, MO) unless otherwise specified. ERK1/2 (L352) pAb (bs1112), p-ERK1/2
(T202/Y204) pAb (bs5016), ELK1(H377) pAb (bs1105) and p-ELK1(S383) pAb
(Bioworld Biotechnology); HA antibody (Haimen, Jiangsu, China); anti-caspase-9
(#9502), cleaved caspase-9 (ASP330) (#9501), PARP1 (Cell Signaling technology);
PPARc (E-8) (sc-7273), protein A-agarose (Santa Cruz Biotechnology); phospho-
PPARc (Millipore); S-nitrosocysteine (Sigma); GAPDH (KangChen, Shanghai,
China ). ERK kinase assay kit (GMS50056, USA).

Cell culture. MCF-7 cells (Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences, Shanghai, China), HER 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (Wisent), supplemented with 10% FBS (Wisent), 2 mM L-
glutamine, 100 units/ml Penicillin and 100 unit/ml Streptomycin in 5% CO2 at 37uC.

Site-directed mutagenesis of ERK1 and p-ERK1 constructed. All the mutant ERK1
plasmids were constructed using the QuikChange XL site-directed mutagenesis kit
and the mutant plasmids were confirmed by automated nucleotide sequencing. The
primers used in the paper were described in Supplementary Table 1.

Plasmid and transfection. The human ERK1 tagged with HA plasmid was
generously provided by Philippe Lenormand (Centre de iochimie–CNRS UMR 6543,
Université de Nice). ERK1 was in a retroviral vector, PLPCX. The authenticity of all
constructs was verified by DNA sequencing. Transient transfection was performed
using LipofectamineTM2000 reagent according to the manufacturer’s instructions.
The amount of DNA was normalized in all transfection experiments with PLPCX.
Expression of proteins was verified by Western blotting or immuno-precipitation.

Apoptosis assay. After stimulated for 12 hours, cells were harvested and washed twice
with cold PBS, and then were treated with fluorescein isothiocyanate (FITC)-
conjugated Annexin V and a Prodium Iodide (PI) kit (Immunotech, Marcelle,
France) for 30 min in dark. The cells were analyzed using flow cytometry and a total
of 10,000 cells per sample were analyzed in a diparametric plot (FL1 for log FITC and
FL3 for log PI) to determine the percentage of phosphatidylserine (PS)-externalized
AnV 1 PI- (high FITC/low PI) apoptotic cells and PI 1 (low FITC/high PI-plus-high
FITC/high PI) necrotic cells.

NO detection. Intracellular NO production was determined by flow cytometry and
fluorescence microscopy using NO-specific probe 3-Amino,4-aminomethyl-29,79-
difluorescein,diacetate (DAF-FM-DA). For further flow cytometric analysis, cells
were treated with SNP or HB for 12 hours, then cells incubated with the probe for
30 min at 37uC, after which they were washed, resuspended in PBS, and analyzed for
DAF fluorescence. Also, NO production was confirmed by measuring its nitrite by-
product using Griess assay. Cell supernatants (50 mL) were mixed with equal amount
of Griess reagent for 15 min at room temperature. The optical density of the samples
was measured a spectrophotometer with absorbance set at 540 nm. Sodium nitrite
was used as a standard.

S-nitrosylationassay (Biotin-Switch). S-nitrosylated ERK1/2 was detected using the
Biotin-Switch assay introduced by Jaffrey with a few improvements. Cells were lysed
in lysis buffer (25 mM Hepes, 50 mM NaCl, 0.1 mM EDTA, 1% NP-40, 0.5 mM
Phenylmethylsulfonyl fluoride [PMSF] and 0.1 mM neocuproine [pH 7.4]).The
protein amounts were determined using the BCA protein assay (Pierce). 1.2 mg
Protein were mixed with 1.8 mL blocking buffer (2.5% SDS, 0.1% MMTS in HEN
buffer) at 50uC for 1 hour to S-methylthiolate each cysteine thiol with S-
methylmethane thiosulfonate (MMTS). After removing excess MMTS by acetone
precipitation, samples were then reduced to thiols and biotinylated by 30 mL reducing
buffer (1% SDS, 30 mM from sinapic, 4 mM Biotin-HPDP from Pierce). Then the
biotinylated proteins were pulled down by streptavidin-agarose beads, eluted by SDS
sample buffer and subjected to western blot analysis.

S-nitrosylation (immuno-precipitation) assay. Cells were lysed in lysis buffer and
300 mg proteins were incubated with 0.3 mg anti-S-Nitro-Cysteine (SNO-Cys) in
dark at 4uC for 2 hours. Then 5 mL protein A/G Plus-agarose beads and 500 mL PBS
were added into overnight at 4uC with gentle rotation. Immune complex were then
separated by SDS/PAGE and subjected to Western blot analysis.

ERK kinase activity assay in vitro. The wild type ERK1-HA and mutant type C183A
plasmid were transfected into MCF-7 cells and after 24 hours the cells were incubated
with 1 mM SNP for 4 hours. Then ERK kinase activity was detected using an ERK1/2
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kinase assay kit according to the manufacture’s instructions (GENMED
SCIENTIFICS INC.U.S.A).

Western blotting. Equal amount of protein fractions or agarose beads were mixed
with SDS sample buffer, separated on 10% SDS-polyacrylamid gels, and transferred to
nitrocellulose membranes. Then, the membrane sheets were incubated with antibody
and visualized by standard chemiluminescence.
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