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Protein S-nitrosylationmediated by cellular nitric oxide (NO)
plays a primary role in executing biological functions in cGMP-
independent NO signaling. Although S-nitrosylation appears
similar to Cys oxidation induced by reactive oxygen species, the
molecular mechanism and biological consequence remain
unclear. We investigated the structural process of S-nitrosyla-
tion of protein-tyrosine phosphatase 1B (PTP1B). We treated
PTP1B with various NO donors, including S-nitrosothiol
reagents and compound-releasing NO radicals, to produce site-
specific Cys S-nitrosylation identified using advanced mass
spectrometry (MS) techniques. Quantitative MS showed that
the active site Cys-215 was the primary residue susceptible to
S-nitrosylation. The crystal structure of NO donor-reacted
PTP1B at 2.6 Å resolution revealed that the S-NO state at Cys-
215 had no discernible irreversibly oxidized forms, whereas
otherCys residues remained in their free thiol states.We further
demonstrated that S-nitrosylation of the Cys-215 residue pro-
tected PTP1B from subsequent H2O2-induced irreversible oxi-
dation. Increasing the level of cellular NO by pretreating cells
with an NO donor or by activating ectopically expressed NO
synthase inhibited reactive oxygen species-induced irreversible
oxidation of endogenous PTP1B. These findings suggest that
S-nitrosylation might prevent PTPs from permanent inactiva-
tion caused by oxidative stress.

Two major groups of free radicals have been identified as
second messengers in signal transduction. Superoxide (O2

. ),
generated by cellular NADPH oxidases, and its derivative
hydrogen peroxide (H2O2) are members of the reactive oxygen
species (ROS)3 (1). Nitric oxide (NO) and its derivatives, which
make up the reactive nitrogen species (RNS), are the products
of NO synthases (NOSs) (2).
Both NADPH oxidases and NOSs can be activated in signal-

ing response to a number of extracellular stimuli (3–6). ROS
and RNS play a critical role in regulating important signaling
events, such as tyrosine phosphorylation-dependent signal
transduction (7, 8). In addition, ROS (9) and RNS (10) may
function as typical secondmessengers to transiently control the
activity of signaling modulators when they are generated at
physiological concentrations. Under certain pathological con-
ditions, however, the role of ROS and RNS becomesmore com-
plicated. For example, when ischemia/reperfusion (I/R) occurs
in heart and liver, an increased RNS level in ischemic tissues is
critical in the protection of cells against subsequent damage due
to a ROS burst upon reperfusion (11, 12). Therefore, although
both ROS and RNS are classified as free radical-based second
messengers, they may regulate cell signaling differently. The
molecular details of their activities are largely unexplored.
ROS and RNS regulate the activity of signaling modulators

through post-translational modification, which is how they per-
form their cellular functions (9, 10). One of them is the regulation
of protein-tyrosine phosphatase (PTP) activities through Cys oxi-
dation (13–15). Studies have described how ROS is involved in
regulating cell signaling through oxidation-dependent, reversible
inactivation of PTPs in response to various physiological stimuli
(16). It has been proposed that PTPs are reversibly inactivated by
the molecular modification of the active site from cysteine to sul-
fenic acid (7, 9, 17) or cyclized sulfenyl-amide derivative (13, 14).
The ROS-mediated reversible inhibition of PTP activity is consid-
ered a critical step in facilitating phosphotyrosine signaling in
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response to a variety of physiological stimuli (7, 9). Recent studies
havedemonstrated that the sameactive siteCys residue is irrevers-
ibly oxidized to sulfinic (Cys-SO2H) or sulfonic (Cys-SO3H) acid
states (17, 18), thus rendering PTPs permanently inactive under
certain pathological conditions (e.g.when certain cancer cells pro-
duce high levels of ROS) (17).
Because of the lowpKa (between 4.5 and 5.5) (19) at the active

site, the Cys residue in PTPs may also be susceptible to S-ni-
trosylationmediated by RNS. Some researchers have suggested
that PTP inactivation induced by RNS is one of the regulatory
mechanisms of cell signaling independent of cGMP (20–22).
Although S-nitrosylation has been shown to control the activity
of important signaling modulators, such as caspases (10, 23)
and plasma membrane-associated cation channels (24), the
RNS-mediated redox switch for PTP activity has not been well
understood. Recent studies using indirect measurements and
enzymatic activity assays suggest that a number of cellular
PTPs, including PTP1B (20, 25, 26), PTEN (21), SHP1 (22), and
SHP2 (22), may be inactivated through S-nitrosylation in
response to stress stimulation. The exact chemical process of
S-nitrosylation and its reversibility in normal physiological or
pathophysiological conditions are unknown.
In this study, we investigated the mechanism of RNS-medi-

ated S-nitrosylation of PTPs, including the specificity and
reversibility of this process in the regulation of enzyme activity.
Instead of relying on indirectmeasures, as described in previous
studies (20–22, 26), we used advancedmass spectrometry (MS)
techniques along with x-ray crystallography to study whether
the same ROS-sensitive Cys residue (Cys-215) at the active site
might be the primary S-nitrosylation site in human PTP1B, a
prototype in the PTP superfamily. We also investigated
whether an increased level of cellular NO prior to exposure of
cells with ROS could inhibit permanent oxidation and inactiva-
tion of endogenous PTP1B.

MATERIALS AND METHODS

Preparation of S-Nitrosylated PTP1B for Solution-based
Trypsin Digestion—The C-terminally truncated, 37-kDa
human PTP1B was purified as described previously (27).
PTP1B was treated with H2O2 at 37 °C for 10 min or treated
with S-nitroso-N-penicillamine (SNAP) (Calbiochem), S-ni-
trosoglutathione (GSNO) (Alexis Biochemicals), DETA-
NONOate (Sigma), or N-acetylpencillamine (NAP) (Fluka) at
37 °C for 20min. For analyzingCysmodifications bymass spec-
trometry, PTP1B was subsequently digested with trypsin (Pro-
mega) according to the manufacturer’s instructions.
MS Analysis for Identifying S-Nitrosylated Sites of PTP1B—

Direct nano-ESI-MS analysis was performed on a Micromass
Q-TOF UltimaTM API mass spectrometer (Micromass;
Waters) fitted with a nano-LC sprayer. The tryptic peptides
were separated on aC18 capillary column connected online to a
QSTAR-XL hybrid quadrupole time-of-flight mass spectrome-
ter (Applied Biosystems/MDS Sciex). All tandem mass spectra
were interpreted manually.
Quantitative MS for Determining Cys Residue Susceptibility

to S-Nitrosylation—PTP1B was treated with 1 mM or 0.01 mM
SNAP at 37 °C for 20 min, followed by incubation with 10 mM
iodoacetic acid for 1 h. The PTP1Bwas then treated with ascor-

bate (5 mM; Sigma) for 1 h. Subsequently, PTP1B that had
been treated with 1 mM SNAP or 0.01 mM SNAP was labeled
with the light or heavy acid-cleavable isotope-code affinity
tag (cICAT) reagent (0.1 unit; Applied Biosystems) for 1 h.
Two pools of samples were mixed together at a 1:1 ratio and
then digested with trypsin. The peptide samples were sub-
jected to MALDI-MS and MS/MS analyses using an Applied
Biosystems 4700 proteomics analyzer mass spectrometer
(Applied Biosystems), as described previously (17, 25).
Crystallization and Structural Analysis of PTP1B S-Nitro-

sylation—Crystallization of the 37-kDa PTP1B was carried out
as described previously (27). The crystal was incubated with
SNAP (1 mM) at room temperature for 20 min and then mixed
with the mother liquid containing 29% glycerol as an antifreez-
ing reagent. Samples were then subjected to structural analysis
using an x-ray generator. Data were recorded, and all data sets
of crystal form P3121 were collected for processing using soft-
ware packages DENZO and SCALEPACK (28). Data collection
and refinement statistics are shown in Table S1.
Cell Culture, Transfection, Immunoprecipitation, and Im-

munoblotting—COS-7 cells (ATCC) were routinely main-
tained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum. For transient transfection, cells
were incubated with a mixture of plasmid DNA and Lipo-
fectamine 2000 (Invitrogen), according to the manufacturer’s
instructions. For immunoprecipitation of endogenous PTP1B,
an aliquot of total lysate (750 �g) was incubated with rabbit
anti-PTP1B antibody (AF1366; R&D Systems) conjugated to
proteinG-Sepharose (GEHealthcare) at 4 °C for 3 h. An aliquot
of immunocomplex or total lysate (25 �g) was subjected to
immunoblotting with an antibody against oxidized PTP active
site (anti-oxi-PTP antibody, clone 335636; R&D Systems),
PTP1B (FG6, Calbiochem), p-eNOS (phospho-Ser-1177; Cell
Signaling), or eNOS (BD Transduction Laboratories).
Measurement of Intracellular NO Level—Intracellular NO

was measured using 4-amino-5-methylamino-2�,7�-diflu-
oroflurescencein diacetate (Invitrogen) by an enzyme-linked
immunosorbent assay reader equipped with a fluorescence
attachment (Infinite 200; Tecan) according to the manufac-
turer’s recommendations.

RESULTS

Identification of S-Nitrosylated Cys Residues in PTP1B—
PTP1B was used in this study to investigate the molecular basis
for S-nitrosylation of Cys residues in PTPs. A direct nanospray
ESI-MS (nESI-MS) mapping of the tryptic digests of purified
PTP1B identified peptides that carry five of the six Cys sites
(Fig. S1A). Following their sequential order from the N termi-
nus, three tryptic peptides, T4 (and T3-4 with a tryptic mis-
cleavage site), T15, and T28, afforded molecular ions that had
become 29 mass units higher after treatment with SNAP, an
S-nitrosothiol agent. This shift corresponded to a conversion
from Cys-SH to Cys-SNO. One important way of helping iden-
tify an S-nitrosylated peptide is the characteristic loss of theNO
moiety (30 mass units) to generate a cysteinyl radical under
ESI-MS conditions (29). A careful examination of the trans-
formed nESI-MSdata revealed that the implicated signal paired
with a 30-mass unit difference was indeed present among the
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spectral peaks for the SNAP-treated PTP1B (Fig. S1A). This
characteristic loss of NO was used to develop an automated,
data-dependent MS/MS acquisition of the S-nitrosylated pep-
tides in a nano-LC-nESI-MS/MS run (25). Specifically, a differ-
ence of 30 mass units registered between any pair of signals
during an LC-MS survey scan would trigger a targeted MS/MS
analysis of the respective peptide ions (25). Using this method,
we identified six pairs of relevant ion signals in the tryptic pep-
tide pool of SNAP-treated PTP1B (Fig. S1B). The correspond-
ing MS/MS data clearly assigned three of these signal pairs to
T28 (amino acids 200–221), T4 (amino acids 25–33), and T15
(amino acids 80–103), which confirmed that Cys-32, Cys-92,
and Cys-215 were indeed preferred S-nitrosylation sites (Fig.
S1, D–F, and Table 1). No other S-nitrosylated Cys-containing
tryptic peptides were identified. The remaining two signal pairs
were mapped to peptides in PTP1B (T3 and T39; Fig. S1B) that
donot contain aCys residue and thuswere not S-nitrosylated. It
is possible that an NO-induced modification occurred else-
where. For example, tryptophan residues are also susceptible to
nitrosation (30).
The same S-nitrosylation sites were similarly identifiedwhen

GSNO, an endogenous reservoir ofNOgroups (31), was used as
the NO donor instead of SNAP (Fig. S2A and Table 1). A third
reagent, DETA-NONOate, which produces only NO radicals
(32) and is not capable of transnitrosylation (33), also effected
similar site-specific Cys modifications (Fig. S2B and Table 1).
Thus, we concluded that, mechanistically, protein S-nitrosyla-
tion (correctly termed S-nitrosation from the chemical point of
view (34) can occur through direct reaction with derivatives of
NO radicals, such as the higher nitrogen oxide N2O3, which is
likely to promote the incorporation of a NO moiety to a thiol
(35), in addition to transnitrosylation mediated by GSNO or
SNAP.
Active Site Cys-215 Most Susceptible to S-Nitrosylation—We

next examined the order of S-nitrosylation among the Cys res-

idues using quantitative MS analysis. The facile loss of the NO
functional group under MS conditions necessitated the biotin
switch method being used so that we could obtain more stable
derivatives and incorporate differentiating stable isotopes (36).
We modified the method by replacing the alkylating labels in
the two steps outlined in Scheme 1. After treating PTP1B with
various concentrations of SNAP, which led to different degrees
of S-nitrosylation among the susceptible Cys residues, all
remaining free thiols were carboxymethylated. The S-nitroso-
thiols were then selectively reduced back to free thiols by ascor-
bate and tagged with either the light or heavy cICAT reagent,
for samples originally treated with a high or low dose of SNAP,
respectively. The two differentially S-nitrosylated samples were
mixed together, digested with trypsin, and directly monitored
by MALDI-MS analysis.
As expected, only signals corresponding to tryptic peptides

containing the implicated S-nitrosylated Cys sites occurred in
pairs, because cICAT labels had been incorporated. As shown
in Fig. 1A, the three signal pairs we detected were assigned to
the labeled peptides, T4, T28, and T15, which carried light/
heavy cICAT-labeled Cys-32, Cys-215, and Cys-92, respec-
tively. The monoisotopic peak area ratios of the signal pairs
were 1.49, 0.92, and 2.43 for Cys-32, Cys-215, and Cys-92,
respectively (Fig. 1, B–D), which indicated that Cys-92 had less
S-nitrosylation at a low dose of SNAP (0.01 mM) than at a high
dose (1mM), whereasCys-215 had a similar degree of S-nitrosy-
lation at both SNAP concentrations. We concluded that PTP
S-nitrosylation occurs most readily at the catalytic Cys residue,
but the two other Cys sites can likewise be modified at higher
doses of SNAP.
To provide a structural basis for the site specificity of S-ni-

trosylation, the native crystal of PTP1B was soaked with 1 mM
SNAP for 20min and analyzed using x-ray crystallography. The
electron density map indicated that the active site Cys-215 dis-
played a mixed conformation that could be assigned to a free

SCHEME 1. Schematic illustration of the quantitative MS workflow employed to assess the differential susceptibility of Cys residues to S-nitrosylation.
The isotope-coded tag was commercially available cleavable light (12C9) and heavy (13C9) cICAT reagents, which generate labeled signal pairs with 9 Da apart.
The S highlighted in red indicates the active site Cys residue of PTPs. See “Materials and Methods” for details.

TABLE 1
Summary of results from mass difference-based MS analyses

NO donors
(1 mM, 20 min)

Chemical characteristics Peptides selected by
mass difference- based program

S-Nitrosylated Cys
confirmed by MS/MSRelease of NO radicals Transnitrosylation

SNAP Yes Yes T4, T3-4, T15, and T28 Cys-32, Cys-92, and Cys-215
GSNO Yes Yes T4, T3-4, T15, and T28 Cys-32, Cys-92, and Cys-215
DETA-NONOate Yes No T4, T3-4, and T28 Cys-32 and Cys-215
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thiolate anion form (Cys-S�) and an S-nitrosothiol form (Cys-
SNO) (Fig. 1E). Closer inspection revealed that, upon the S-ni-
trosothiol formation of Cys-215, water-mediated hydrogen
bonds and a subtle conformational change on the side chain of
residues around the catalytic site collectively orchestrated a
network capable of stabilizing the S-nitrosylated structure (Fig.
S3). Interestingly, under this condition, Cys-32 and Cys-92,
which are exposed on the surface of PTP1B, remained in the
reduced form (Fig. 1E). This finding is consistent with quanti-
tative MS analysis, which showed these two Cys residues to be
less reactive than the active site Cys-215 (Fig. 1, A–D). There-
fore, theNO-mediatedmodification appears to target primarily
the active site Cys residue in PTP1B. In addition, the MS and
structural data suggested that S-nitrosylation may regulate
PTP1B through a reversible modification of the active site Cys
in an S-nitrosothiol form that is unlike the irreversibly oxidized
forms, such as the sulfinic acid (Cys-SO2H) or sulfonic acid
(Cys-SO3H).
S-Nitrosylation Protects the Active Site against Irreversible

Oxidation—Since the observation that NO prevents cells from
ROS-induced damage was first reported (37), the cytoprotec-
tive effect of NO and RNS has been regarded as one of their
most important biological functions (38, 39).We found theNO
donor-induced modification of the active site Cys-215 to be
fully reversible (Fig. 1). In contrast, it has been recently reported
(15, 17, 25) and further confirmed by our current study (Fig.
S4A) that when PTP1B is exposed to H2O2, the same Cys-215
site is irreversibly oxidized. Therefore, S-nitrosylation may
reversibly trap the Cys residue at the active site and protect it
against permanent ROS-induced oxidative damage. We used
direct MS analysis to further examine the protective effect of
S-nitrosylation. In nano-LC-nESI-MS, the tryptic peptide
(T28) carrying the active site Cys-215 in SO2H and SO3H forms
can be readily resolved from later-eluting T28 with Cys-215 in
the free SH form or SNO form (Fig. 2A). We found that, once
formed, S-nitrosothiol could not be further converted to
sulfinic or sulfonic acids either by prolonged SNAP treatment
(data not shown) or by exposure to subsequent oxidative stress
(1mMH2O2) (Fig. 2A). In a control experiment, the sample was
similarly treated with 1 mM H2O2 following mock S-nitrosyla-
tion treatment with N-acetylpencillamine, a non-NO donor
analogue of SNAP. More T28 was found to carry the sulfinic
and sulfonic acid forms than the free thiol form (Fig. 2A). Addi-
tional examination of the MS results revealed that, although
direct treatment of PTP1B with a low concentration (0.01 mM)
ofH2O2 led to significant formation of sulfinic acid derivative of
Cys-215, when PTP1B was pre-exposed with SNAP and then
followed by treatment with a high concentration (1 mM) of
H2O2, only a minimal degree of irreversibly oxidized form of
Cys-215 was induced (Fig. 2B).

FIGURE 1. Application of the quantitative MS method and structural analysis for identification of the most susceptible Cys residue of PTP1B to S-nitrosy-
lation. A–D, recombinant PTP1B treated with 1 mM SNAP or 0.01 mM SNAP was subjected to differential isotope labeling for quantitative MALDI-MS analysis as
described in Scheme 1. The full scan MALDI-MS profile (A) revealed three pairs of cICAT-labeled tryptic peptides with a 9-Da difference, which could be assigned to T4,
T28, and T15, as shown in expanded views (B–D), corresponding to the cICAT-labeled peptide pairs containing Cys-32, Cys-215, or Cys-92, respectively. The ratio of
light/heavy cICAT-labeled peak is shown below the spectrum. E, the crystal of PTP1B was soaked with 1 mM SNAP at room temperature for 20 min and subjected to x-ray
crystallography. The 2Fo � 2Fc electron density map showed a mixture of reduced and S-nitrosylated states of Cys-215. Other Cys residues (Cys-32, -92, -121, -226, and
-231) remained in the completely reduced form. Inset, the expended view of electron density map illustrates the presence of an S-nitrosothiol form of Cys-215.

FIGURE 2. Protective effect of Cys S-nitrosylation on preventing PTP1B
from further irreversible oxidation. A, recombinant PTP1B was pretreated with
1 mM N-acetylpencillamine or SNAP for 20 min, followed by 1 mM H2O2 for 10 min,
and then digested by trypsin in solution. The tryptic peptides were subjected to
LC-nESI-MS analysis. T28 carrying the Cys-215 in Cys-SH, Cys-SO2H, Cys-SO3H,
and Cys-SNO forms were first identified by manually examining the nESI-MS pro-
file at the expected retention time. For a semiquantitative assessment, the
extracted ion chromatograms for the respective signals are plotted in A without
normalization or correcting for nESI-MS response factor. The amount of the irre-
versibly oxidized SO2H/SO3H form (eluting at 17.7–18.5 min) elicited by 1 mM

H2O2 is clearly reduced to basal level in SNAP-pretreated sample, compared with
N-acetylpencillamine-pretreated sample. The corresponding nESI-MS profiles for
this time point are shown in B, where the signals identified as the irreversibly
oxidized T28 (m/z 736.4 and 741.7) are detectable at increasing intensity when
PTP1B was treated with increasing concentration of H2O2 but not when it was
first S-nitrosylated by SNAP. C, recombinant PTP1B, either directly exposed to
H2O2, SNAP, or GSNO or pretreated with SNAP or GSNO followed by H2O2 treat-
ment, was subjected to immunoblotting with an anti-oxidized PTP active site
(anti-oxi-PTP) antibody (top) or an anti-PTP1B antibody (FG6) (bottom). The effect
of SNAP or GSNO on inhibiting the level of H2O2-induced irreversible oxidation of
PTP1B was observed in three independent experiments.
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The protective effect of NO was further tested by immuno-
blotting. The monoclonal anti-oxi-PTP antibody we used rec-
ognizes a peptide derived from the conserved signaturemotif of
PTPs with its active site Cys residue in the sulfonic acid form
(40). Prior to the application of immunoblotting in subsequent
in vitro and in vivo experiments, we examined the performance
of this antibody. Our data showed that only the isoform of
PTP1B with its Cys-215 in the sulfonic acid state but not in the
reduced state, as confirmed by the MS-based analysis, was
detected by the anti-oxi-PTP antibody in immunoblotting (Fig.
S4B). Using this antibody, we observed that treatment of
PTP1B with H2O2 resulted in irreversible oxidation of active
site Cys-215 (Fig. 2C). Preincubation of PTP1B with either
SNAP or GSNO, both of which have been shown to induce
S-nitrosylation of Cys-215 (Table 1), significantly suppressed
the level of irreversible Cys oxidation (Fig. 2C). Thus, data col-
lectively indicated that prior exposure of PTP1B to NO/RNS
effectively protected the active site Cys-215 against ROS-in-
duced permanent oxidation.
Increased Cellular NO Levels Protect Endogenous PTP1B

against Permanent Inactivation by Oxidation—We investi-
gated whether NO-mediated post-translational modification
would also protect endogenous PTPs against oxidative stress-
induced damage in cells. COS-7 cells that do not express a
detectable level of endogenous eNOS (41) were exposed to
H2O2 with or without being preincubated with an equal molar
mixture of SNAP and L-Cys (to form a plasma membrane-per-
meable S-nitrosocysteine) (42). The endogenous PTP1B was
then immunoprecipitated fromCOS-7 lysates for immunoblot-
ting analysis using anti-oxi-PTP antibody, whose performance
has already been verified (Fig. S4). In the absence ofNO, PTP1B
was effectively oxidized and therefore permanently inactivated
by treatment with H2O2 (Fig. 3A). Pretreatment of S-nitroso-
cysteine in the culture medium significantly suppressed the
degree of irreversible oxidation of PTP1B induced by H2O2
(Fig. 3A).
We further examined the effect of the intracellularly pro-

duced NO on the regulation of the redox status of endogenous
PTP1B. COS-7 cells were transiently transfectedwith a plasmid
that encoded thewild type of human eNOS and then stimulated
with ATP, which has been shown to transactivate eNOS in
COS-7 transfectants (41). As expected, the phosphorylation
level of Ser-1177 in eNOS was rapidly increased in response to
ATP stimulation (Fig. 3B), suggesting that ectopically
expressed eNOSwas activated. Indeed, when 4-amino-5-meth-
ylamino-2�,7�-difluoroflurescencein diacetate was used as an
intracellular fluorescence indicator to detectNO,we found that
the addition of ATP yielded a nitrosated, highly fluorescent
DAF-2 triazole (Fig. 3C). With ATP stimulation, control cells
and eNOS transfectants were exposed to H2O2, and the endog-
enous PTP1B was immunoprecipitated from COS-7 lysates for

FIGURE 3. Increased cellular NO levels suppressed subsequent perma-
nent inactivation of endogenous PTP1B induced by oxidative stress in
COS-7 cells. A, COS-7 cells were either treated with 1 mM H2O2 for 10 min or
prestimulated with equal molar mixture of SNAP and L-Cys (both 1 mM) for 20
min and followed by H2O2 treatment for an additional 10 min. Endogenous
PTP1B was immunoprecipitated from total lysate using anti-PTP1B antibody
(AF1366) and then subjected to immunoblotting with anti-oxi-PTP or anti-
PTP1B antibody (FG6). B, COS-7 transfectants ectopically expressing human
eNOS were stimulated with ATP for the indicated times. Aliquots of total
lysate (25 �g) were subjected to immunoblotting with antibodies to phos-
pho-eNOS (p-Ser1177) and eNOS. C, COS-7 transfectants were preloaded with
4-amino-5-methylamino-2�,7�-difluoroflurescencein diacetate and then sub-
jected to ATP stimulation for 15 min prior to detection of intracellular NO
levels. Results obtained are presented as relative fluorescence intensity and
expressed as means � S.E. (n � 3). *, p � 0.05 when compared with untreated

eNOS transfectants. **, p � 0.005 when compared with ATP-treated mock
transfectants. D, COS-7 transfectants were stimulated with ATP for 10 min,
followed by exposure to H2O2 for an additional 10 min. Endogenous PTP1B
was immunoprecipitated (IP) and then subjected to immunoblotting with
anti-oxi-PTP antibody or anti-PTP1B antibody. Aliquots of total lysate (25 �g)
were subjected to immunoblotting with antibodies to eNOS and PTP1B. Sim-
ilar results were obtained from three independent experiments.
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immunoblotting analysis. A brief period of intracellular NO
production in eNOS transfectants led to less H2O2 stress-in-
duced oxidation of PTP1B thanwhen there was noNOproduc-
tion (Fig. 3D). Therefore, the active site Cys-215 of endogenous
PTP1B can be S-nitrosylated through external or intracellular
NO to form a stable modification, which prevents this Cys res-
idue from subsequent oxidation from a ROS burst. To the best
of our knowledge, these data demonstrate for the first time that
NO and RNS may exert their cytoprotective effect through the
S-nitrosylation of critical signaling conductors, in our case in
the protection of PTPs against oxidative damage.

DISCUSSION

Like all second messengers, ROS and RNS are generated
immediately in response to extracellular stimuli, diffused
within a short distance, and then decomposed rapidly by the
action of intracellular enzymes. Although it has been proposed
that various signalingmodulators are targeted by ROS and RNS
(9, 10, 43), there has been limited direct in vivo evidence to
delineate the underlying mechanism of free radicals-mediated
signal transduction. In particular, the role of RNS in regulating
signal transduction is emerging. One important area is the reg-
ulation of tyrosine phosphorylation signaling through redox-
dependent control of PTP activity (16). Using a variety ofmeth-
ods, we have provided insight into the mechanistic details of
PTP S-nitrosylation as well as of the protective role of S-ni-
trosylation against permanent oxidation and inactivation.
Quantitative MS analysis indicated that the active site Cys-

215 of PTP1B is the primary site most susceptible to S-nitrosy-
lation. Structural analysis confirmed the selective S-nitrosyla-
tion of Cys-215, whereas Cys-32 and Cys-92, both of which are
surface-exposed residues, and otherCys residues situated in the
interior space (Cys-121, -226, and -231) remained in their
reduced form under the condition applied. Our observation
thus suggests that solvent accessibility based on the position of
Cys residues may not play a critical role in determining the
selectivity of S-nitrosylation. Furthermore, after examining the
sequence of amino acids adjacent to Cys-215, we did not find a
conserved “nitrosylation motif” (44) or “acid/base motif” (45),
both of which have been proposed as a potential means of
determining the susceptibility ofCys S-nitrosylation in proteins
(46). Our findings suggest that a high selectivity of S-nitrosyla-
tion, which could be achieved by either SNAP and GSNO-cat-
alyzed transnitrosylation, or N2O3-mediated donation of an
NOmoiety, such as the reaction directed by DETA-NONOate,
may preferentially affect the Cys residue located in a hydropho-
bic pocket with a unique structure-determined low pKa char-
acteristic. In addition, ESI-MS and x-ray crystallography (Fig. 1)
showed that, upon forming S-NO, the active site Cys-215 of
PTP1B remained in this modified state. Thismode of Cysmod-
ification is reported to be reversible in response to reductants
(10, 47). Irreversibly oxidized derivatives, such as sulfinic acid
or sulfonic acid, were not generated under all types of nitrosa-
tive stress used in our experiments. In contrast, even mild oxi-
dative stress can rapidly convert a reduced Cys into irreversibly
oxidized states in vitro (Fig. 2) and in cells (Fig. 3). Thus, RNS-
mediated S-nitrosylationmay regulate the enzymatic activity of
PTPs in a reversible manner.

Themost significant finding in our current studymay be that
the preformed S-NO would prevent the active site Cys from
subsequent oxidation when subjected to oxidative stress. This
finding is consistent with previous descriptions of the cytopro-
tective effect of NO against irreversible oxidative damage,
which have suggested that it is one of the most important bio-
logical functions of NO and RNS (37–39). The best example of
the NO protective effect was its attenuation of I/R injury to the
heart (12, 48). It has been shown that I/R injury occurs concom-
itantly with ROS bursts, leading to widespread protein oxida-
tion and tissue apoptosis or necrosis (49). Notably, the bioavail-
ability of NO is correlatedwith prevention of I/R-induced heart
injury and myocardial protection (50). Our study has provided
newmolecular details for the protective role of NO, which pre-
sumably acts against ROS-mediated damage on cellular pro-
teins. In this study, we showed that the preexistence of Cys
S-nitrosothiol preventedROS-induced irreversible oxidation of
PTP1B, which may be a mechanism for NO-mediated cytopro-
tective effect under pathological conditions, such as I/R. It has
been shown that when the deoxygenation was applied in
human red blood cells (RBCs), the anion exchange band 3
protein, which was recently identified as a potential sub-
strate of PTP1B (51, 52), was tyrosine-phosphorylated (53).
Interestingly, under the deoxygenation, such as ischemic
condition, the bioavailable level of NO is increased in RBCs
(54), suggesting that PTP1Bmay be S-nitrosylated and there-
fore inactivated, concomitantly with an elevated tyrosine
phosphorylation level of band 3. Based on our current find-
ing, we propose that ischemia-induced S-nitrosylation may
protect PTP1B against irreversible oxidation in RBCs when
reperfusion occurs. The reversible modification of Cys-215
in the S-NO form thus allows the rapid rebound of PTP1B
activity for down-regulating tyrosine phosphorylation of
band 3 after the oxidative stress in RBCs is gone. Further
investigation is required to examine the protective role of
NO in RBCs under the condition of I/R.
Recent studies suggest that the nitrite anion (NO2

�), which is
present in large quantities in blood and tissues (0.15–1.0 �M in
plasma and�10 �M in tissues), is a vascular storage pool of NO
(55).Under pathological hypoxic conditions nitrite is converted
toNO through enzymatic or nonenzymatic actions (55, 56).We
propose that, in response to increased levels of NO through
nitrite reduction, endogenous PTPs and other Cys-mediated
enzymes may be shielded by S-nitrosylation against oxidative
damage associated with subsequent reperfusion-induced for-
mation of ROS. Such enzymes include thioredoxin (57), perox-
iredoxin (58), and caspases (10), which are important regulators
of cellular redox status as well as cell survival. Advanced MS-
based techniques, such as those used in this study, can help
characterize the protective role of nitrite in facilitating S-ni-
trosylation of these critical signaling regulators under ischemic
conditions. Future investigations may provide additional
insight into the intriguing function of nitrite-dependent forma-
tion of protein S-nitrosothiols in the maintenance of signaling
homeostasis after reperfusion and reintroduction of molecular
oxygen to ischemic tissues.
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