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Abstract
H2O2 produced by stimulation of the macrophage NADPH oxidase is involved both in bacterial
killing and as a second messenger in these cells. Protein tyrosine phosphatases (PTPs) are targets for
H2O2 signaling through oxidation of their catalytic cysteine, resulting in inhibition of their activity.
Here, we show that, in the rat alveolar macrophage NR8383 cell line, H2O2 produced through the
ADP-stimulated respiratory burst induces the formation of a disulfide bond between PTP1B and
GSH that was detectable with an antibody to glutathione-protein complexes and was reversed by
DTT addition. PTP1B glutathionylation was dependent on H2O2 as the presence of catalase at the
time of ADP stimulation inhibited the formation of the conjugate. Interestingly, other PTPs, i.e.,
SHP-1 and SHP-2, did not undergo glutathionylation in response to ADP stimulation of the
respiratory burst, although glutathionylation of these proteins could be shown by reaction with 25
mM glutathione disulfide in vitro. While previous studies have suggested the reversible oxidation of
PTP1B during signaling or showed PTP1B glutathionylation in vitro, the present study directly
demonstrates that physiological stimulation of H2O2 production results in PTP1B glutathionylation
in intact cells, which may affect downstream signaling.
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Introduction
It is now well accepted that reactive oxygen and nitrogen species can act as second messengers
in signal transduction [1-5]. In particular, H2O2, which is mostly derived from superoxide
(O2

•-) produced by stimulation of the NADPH oxidase (NOX2) in macrophages and other
phagocytes (respiratory burst) [6] or by homologous NOXs in many other cell types, has been
shown to be required for various cellular responses to several stimuli such as insulin,
angiotensin, and growth factors or stimuli of the respiratory burst. While the mechanisms
through which H2O2 regulates pathways and responses are still uncertain in many cases [5,
7-11], “glutathionylation” of signaling proteins, which is one of the posttranslational
modifications that occurs in cells in response to environmental or endogenous stimulation, has
been implicated in cell signaling [12-14]. During this process, a critical cysteine in a particular
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signaling protein is sensitive to oxidation by H2O2 or other hydroperoxides and the oxidized
cysteine can then form a disulfide bond with glutathione (GSH), resulting in altered activity.
Several signaling proteins, have been shown to undergo glutathionylation, including enzymes
such as protein tyrosine phosphatases (PTPs) and transcription factors [12-17].

PTPs constitute a large family of physiologically important regulatory enzymes that control
several biological functions, including the state of tyrosine phosphorylation of proteins, which,
at any moment, is the result of differences established by the activities of protein tyrosine kinase
(PTK) versus PTPs. Protein tyrosine phosphorylation is one of the mechanisms that enable the
cell to respond to several extracellular stimuli, having a role in the regulation of most cellular
functions such as growth, proliferation, differentiation, and metabolism [18,19]. While PTKs
have been extensively studied, the past few years have seen an increase in interest in PTPs
because of their recognized role as regulators of signal transduction under normal and
pathophysiological conditions [20,21].

PTP1B is “the prototypical enzyme” of the PTP family, according to Tonks and co-workers
[22] and numerous studies have focused attention on PTP1B because of its role as a critical
physiological regulator of metabolism. In fact, PTP1B knockout mice do not develop diabetes
and obesity when placed on a calorie-rich diet, contrary to wild-type mice [23,24]. Besides its
role as a negative regulator in insulin and leptin signaling, PTP1B is implicated in several other
signaling pathways such as growth factor [25-27] and integrin signaling [27,28]. As PTP1B
seems to regulate multiple cellular processes, it is important to understand how the function of
this protein can be modulated in the cell. Previous work demonstrated that PTP1B can undergo
glutathionylation in vitro. Treatment of PTP1B with diamide and reduced glutathione or with
glutathione disulfide (GSSG) alone resulted in glutathionylation [12].

In the present study, we report that in the NR8383 cell line, which is derived from rat alveolar
macrophages, ADP stimulation of H2O2 production through the respiratory burst induces the
reversible H2O2-dependent formation of glutathionylated PTP1B. In contrast, two other PTPs,
SHP-1 and SHP-2 that could be glutathionylated in vitro by addition of a nonphysiological
concentration of glutathione disulfide (GSSG), were not glutathionylated by ADP stimulation
of the respiratory burst, indicating specificity.

Materials and methods
Materials and reagents

Unless otherwise noted, all chemicals were from Sigma (St. Louis, MO). Monoclonal anti-
PTP1B was from Calbiochem (EMD Biosciences, Inc., San Diego, CA), monoclonal anti-
SHP-1 and anti-SHP-2 were from Transduction Laboratories (Lexington, KY). Monoclonal
antibody to glutathione-protein complexes was from Virogen (Watertown, MA), protein A-
Sepharose was from Amersham Biosciences (Piscataway, NJ).

Cell culture
The NR8383 rat alveolar macrophage cell line [29] was kindly provided to us by Dr. G.H.
Zhang, University of Texas Health Science Center at San Antonio. Cells were cultured in
F-12K medium (Life Technologies, Grand Island, NY) supplemented with 15% heat-
inactivated fetal bovine serum (Omega Scientific inc., Tarzana, CA), penicillin (100 U/ml),
and streptomycin (100 μg/ml) and maintained at a concentration of 1 × 106/ml in a humidified
atmosphere containing 5% CO2 and 95% air at 37°C. Cells were collected and resuspended in
fresh medium twice a week.
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Immunoprecipitation
Cells were seeded at a density of 1 × 106/ml in fresh medium the day before each experiment
when cells (5 × 106) were washed with ice-cold phosphate-buffered saline (PBS) and treated
under various conditions before lysis in 1 ml buffer containing 50 mM Hepes (pH 7.4), 150
mM NaCl, 1% Triton X-100, 0.5% NP40, 50 mM β-glycerophosphate, 1 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 1 mM EGTA, 1 mM PMSF, 10% glycerol, 100
mM sodium fluoride, 10 μM DETAPAC, 5 mM GSH, 5 mM NEM, 10 ng/ml leupeptin, and
10 ng/ml aprotinin. NEM (5 mM) was added to the dishes for 2 min before lysis. The protein
concentration of whole cell lysates was measured using the Bio-Rad protein assay (Bio-Rad,
Hercules, CA) and adjusted to 500 μg before immunoprecipitation with protein A-Sepharose-
conjugated antibodies to PTP1B, SHP-1, or SHP-2 at 4°C overnight. The antibodies had been
previously crosslinked to protein A-Sepharose beads using dimethyl pimelimidate (DMP) as
described by Schneider et al. [30] and stored at 4°C until used. The immuno-complexes were
washed 4 times with the cell lysis buffer, resuspended in 2× sample buffer containing sodium
dodecyl sulfate (SDS), Tris base, pH 6.5, glycerol, and pyronin Y, and heated for 10 min at
95°C. DTT was added to the sample buffer when indicated.

Western blotting
Proteins were resolved on a 4-20% Tris-glycine acrylamide gel (Invitrogen, Carlsbad, CA)
under denaturing conditions before being transferred electrophoretically onto a polyvinylidene
difluoride (PVDF) membrane (Immobilon P; Millipore, Bedford, MA). Membranes were
blocked with 5% nonfat dry milk (NFDM) at room temperature for 1 h and then incubated
overnight at 4°C with primary antibody diluted in 5% NFDM in Tris buffer saline (TBS) as
indicated (1:1000 anti-glutathione-protein complexes; 1:1000 anti-PTP1B; 1:500 anti-SHP-1;
1:1000 anti-SHP-2). After being washed with TBS containing 0.05% Tween 20, the membrane
was incubated with goat antimouse IgG conjugated to horseradish peroxidase (1:10,000) at
room temperature for 2 h. The blots were developed by the enhanced chemiluminescence
technique (ECL Plus, Amersham, Arlington Heights, IL) according to the manufacturer's
instructions. The bands of interest were imaged with a Kodak Instant Imager 2.0.

Results
Exogenous H2O2 stimulates PTP1B glutathionylation in rat alveolar macrophages

Although previous work suggested that PTP1B could be glutathionylated in vitro under
nonphysiological conditions and some reversibly oxidized but unidentified form of PTP1B
could be produced in cells [12], the actual formation of glutathionylated PTP1B had not
previously been directly demonstrated in intact cells under physiological conditions. The
availability of an antibody that specifically recognizes proteins complexed with GSH and can
be used for Western blotting provided a possible methodology to detect glutathionylation in
intact cells. As a proof of principle, we treated NR8383 cells with a bolus of a nontoxic
concentration of H2O2 that produced oxidizing conditions for PTP1B glutathionylation without
damaging the cells. PTP1B was then immunoprecipitated and the immunoprecipitates were
separated by SDS-PAGE followed by Western blot analysis under nonreducing conditions to
detect the formation of PTP1B mixed disulfide. Exposure to 100 μM H2O2 resulted in the time-
dependent increase in glutathionylated PTP1B and addition to the lysis buffer of DTT, a
reducing agent, eliminated the detection of the glutathionylated protein band (Fig. 1, upper
blots), supporting its identification as PTP1B-SSG. The same membrane was stripped and
reprobed with an antibody against the PTP1B protein to check the efficiency of the
immunoprecipitation (Fig. 1, lower blots). Two bands were observed: a lower band, which had
the same mobility as PTP1B-SSG, and an upper band, most likely corresponding to native
PTP1B. In samples to which DTT was added, the lower band disappeared while the density of
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the upper band increased, consistent with reduction of PTP1B-SSG to PTP1B-S-, the thiolate
form.

ADP-induced respiratory burst causes PTP1B glutathionylation
We next examined whether H2O2 produced through ADP stimulation of the respiratory burst
could similarly induce PTP1B glutathionylation in NR8383 cells. At various times after
treating NR8383 cells with 400 μM ADP, we immunoprecipitated PTP1B and determined
glutathionylation by immunoblotting with the antibody to glutathione-protein complexes. As
shown in Fig. 2 (upper blot), PTP1B glutathionylation increased over several minutes in
stimulated cells, reached a maximum at 10 min, and then declined toward the control value
that was reached by approximately 30 min (data not shown), indicating that the process of
PTP1B glutathionylation induced by the respiratory burst was reversible. As with bolus
addition of 100 μM H2O2, PTP1B was not fully glutathionylated after ADP stimulation.
Reprobing the membrane with the PTP1B antibody showed the relative extent of PTP1B
glutathionylation by comparison of the two bands, one of which (PTP1B-SSG) was completely
converted to the other (PTP1B-S-) by DTT treatment (Fig. 2, lower blot).

Exogenous catalase inhibits ADP-stimulated PTP1B glutathionylation
To further demonstrate that the H2O2 produced during the respiratory burst induced by ADP
treatment was critical for PTP1B glutathionylation, we treated the NR83838 cells in the absence
or presence of extracellular catalase during stimulation. ADP stimulation of the respiratory
burst results from activation of the NADPH oxidase (NOX2) at the plasma membrane and
production of O2

•- on the outer surface of the cell where it nonenzymatically dismutates to
form H2O2 and O2. In contrast to O2

•-, the uncharged H2O2 can readily enter the cell and
participate in cell signaling. Formation of H2O2 on the outside of the cell allows the use of
exogenously added catalase as a tool for examining the involvement of H2O2 in signaling. Fig.
3 shows that 100 U/ml catalase added before ADP stimulation inhibited PTP1B
glutathionylation, indicating its dependence on H2O2 produced by the phagocyte NADPH
oxidase.

BCNU treatment alone induces glutathionylation in the presence and absence of ADP
One proposed mechanism by which the glutathionylation of proteins may occur is thiol/
disulfide exchange. It is, in fact, possible to observe a reaction of glutathionylation in vitro
between PTP1B and GSSG [12]. This nonenzymatic reaction occurs slowly and requires a
GSSG concentration that would not be possible in vivo under normal physiological conditions
due to the rapid NADPH-dependent reduction of GSSG by glutathione reductase that maintains
a low GSSG concentration. Thus, using an inhibitor of glutathione reductase such as BCNU
would increase the levels of GSSG in cells. NR8383 cells were incubated for 2 h with BCNU
before stimulation with ADP and samples were treated as above. Fig. 4 shows that the
glutathionylation of PTP1B occurred under these conditions, even in the absence of ADP
stimulation. Thus, it is possible that during pathophysiologic conditions induced by oxidative
stress, when the GSH/GSSG ratio is markedly diminished, PTP1B could be glutathionylated
by thiol-disulfide exchange.

ADP-induced respiratory burst does not cause SHP-1 and SHP-2 glutathionylation
We next investigated whether other protein tyrosine phosphatases could be glutathionylated
under the same physiological conditions used for PTP1B. SHP-1 and SHP-2, which are
expressed in NR8383 cells [31], have previously been shown to be sensitive to oxidation by
H2O2 [32,33], and thus, were chosen for these studies. After stimulation with ADP, the total
cytosolic extract from NR8383 cells was immunoprecipitated with antibodies to either SHP-1
or SHP-2 for various lengths of incubation. The immunoprecipitates were separated as
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previously and protein glutathionylation was visualized by immunoblotting with the
glutathione-protein complexes antibody. No glutathionylation of SHP-1 or SHP-2 was
observed after ADP stimulation of the respiratory burst (Fig. 5A), although the two proteins
were efficiently immunoprecipitated, as shown by reprobing the membrane with antibodies
against either the SHP-1 or SHP-2 proteins (Fig. 5A). To verify that this negative result was
not due to a failure to detect the formation of glutathionylated proteins, we forced the disulfide
bond formation between the proteins and the glutathione by adding 25 mM GSSG to the lysis
buffer. Two bands at ~68 and ~72 kDa were observed that comigrated with the SHP-1 and
SHP-2 proteins, respectively, and disappeared when exogenous DTT was added (Fig. 5B). The
data demonstrate that glutathionylation of SHP-1 and SHP-2 can be detected by our method
but does not occur after ADP stimulation of the respiratory burst in NR8383 cells.

Discussion
Reactive species of oxygen (ROS) are produced during the respiratory burst by the NADPH
oxidase of macrophages and neutrophils (NOX2) and in other cells by the homologues NOX
proteins. It is now accepted that H2O2 plays a role as a second messenger in cells by its ability
to modulate the activity of signaling proteins and we have hypothesized that redox signaling
may be at least as important a physiological role for the respiratory burst as the microbicidal
activity [6]. One of the mechanisms by which H2O2 acts is by causing the formation of disulfide
bonds between a target protein cysteine residue and the glutathione. This posttranslational
modification called glutathionylation is able to modify the activity of proteins such as PTP that
contains an essential cysteine residue in its active site [22].

The present work supports the key role of H2O2 in the reversible regulation under physiological
conditions of PTP1B, the prototypical enzyme of the PTP family. The observation that PTP1B
activity is modulated by glutathionylation was first made by Barrett et al. [12] in experiments
on purified human PTP1B incubated in vitro with a strong oxidant, diamide, in the presence
of GSH or with a high concentration of GSSG. Although reversible inhibition of PTP1B by
H2O2 has been demonstrated in cells and glutathionylation has been demonstrated in vitro, the
mechanism through which H2O2 induces glutathionylation of PTP1B is not entirely clear
[12,34-36]. Denu and Tanner first demonstrated reversible oxidation of the catalytic cysteine
of PTP1B, hypothesizing a chemical mechanism involving a cysteine sulfenic acid
intermediate [34]. Barrett et al. then proposed that the cysteine oxidized to a sulfenic acid could
either further oxidize to form the sulfinic and sulfonic acid forms or react with GSH to form a
disulfide [12]. More recent studies have shown by crystallization of isolated PTP1B treated
with H2O2 the presence of a sulfenyl amide that, in the absence of GSH, is most likely formed
by reaction of the sulfenic acid form of PTP1B with an amide from the protein backbone
[37]. They suggested that the sulfenyl amide is the intermediate that reacts with GSH to form
the disulfide [35,36]. The formation of a PTP1B sulfenic acid intermediate, however, has been
not demonstrated in cells and glutathionylation could, in theory, occur in cells without this
intermediate derivative through reaction of the enzyme with GSSG as shown in vitro [12].
Regardless of the mechanism, the present study demonstrates the formation of the disulfide
with GSH under physiological stimulation. Although the glutathionylation of other proteins
has been shown in cells before, the experimental models usually reflect a condition of oxidative
stress rather than redox signaling [14,38]. In fact, glutathionylation may serve as an adaptive
response against severe stress conditions such as oxidative stress in which the GSH/GSSG
ratio is perturbed. Evidence for this mechanism has been obtained in a Parkinson disease
experimental model by Kil and Park who showed increases in glutathionylated isocitric
dehydrogenase in mouse brain [14]. Similar evidence was suggested by the data here where
addition of an inhibitor of glutathione reductase that shifts the balance of GSH/GSSG toward
GSSG, mimicking a pathophysiological condition, resulted in glutathionylation of PTP1B,
even without ADP stimulation.
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Our results demonstrate that glutathionylation of PTP1B occurs in cells under physiological
stimulation of the production of H2O2 through the ADP-stimulated respiratory burst and
dismutation and could be an important mechanism by which macrophages fine-tune
downstream signaling pathways. Glutathionylation of PTP1B is a reversible event as its extent
started to decrease after 10 min. Most significantly, we show that the glutathionylation caused
by ADP stimulation is dependent on H2O2. Furthermore, the ADP-stimulated glutathionylation
of PTP1B in this system depends on the generation of extracellular H2O2 as catalase added in
the media abolishes the glutathionylation. Catalase added on the outside does not affect the
intracellular H2O2 concentration when H2O2 is generated intracellularly. This is because the
external media represents an extremely large sink into which H2O2 can diffuse and thus,
removal of H2O2 that diffuses to the outside would make no difference in the internal
concentration. On the other hand, if H2O2 is generated on the outside, then catalase can destroy
it before it can enter the cell as it did here. In accordance with our results, Mahadev et al.
provided evidence that in adipocyte cells stimulated by insulin, the catalytic activity of PTP1B
is inhibited by NOX4-induced ROS production [10]. It is likely that the activation of the
different NOX isoforms in several cell types is a general mechanism by which the H2O2-
induced glutathionylation inhibits PTP1B activity and since this inactivation is transient, it can
act as a switch that is able to turn on and off the enzymatic function in response to stimuli.

It is important to note that ADP stimulation did not result in glutathionylation of SHP-1 and
SHP-2, even though the glutathionylation of these PTPs was detected in the presence of a high
concentration of GSSG. This result provides evidence that glutathionylation can be a specific
mechanism of modification of PTPs. Singh et al. [33] and Meng et al. [32] have demonstrated
the regulation of SHP-1 and SHP-2, respectively, through oxidation by H2O2. Interestingly,
oxidation and inactivation of SHP-2 occurred only for that fraction of SHP-2 that was recruited
into a complex with the PDGF receptor [32]. Similarly, SHP-1 oxidation and inhibition of
activity was found to be restricted to the BCR-associated pool of SHP-1 [33]. Thus, according
to these and the results here, it appears that the action of H2O2 is dependent upon the localization
of its production and its target, as is consistent with other signaling mechanisms. It is likely
that in our experimental model, SHP-1 and SHP-2 are not glutathionylated because they are
not in proximity to the NOX2 that is activated through ADP stimulation. Localization of
H2O2 action provides the specificity that characterizes signal transduction as opposed to the
random action of H2O2 that typifies oxidative stress.
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Fig. 1.
Glutathionylation of PTP1B is induced by the addition of exogenous H2O2. NR8383 cells were
exposed to 100 μM H2O2 and then lysed with a buffer containing N-ethylmaleimide (NEM).
GSH was added to remove excess NEM. Whole cell extracts were immunoprecipitated with
an antibody to PTP1B. Membranes were immunoblotted with antibodies to either glutathione-
protein complexes or PTP1B. Based on the densitometry of IP from two experiments, the
maximum percentage PTP1B-SSG in respect to total PTP1B was 31.3 ± 19.1%, which was at
10 min. The results followed the same pattern of increase to a maximum for both experiments.
Despite the variability, which is largely due to the semiquantitative nature of densitometry, the
pattern of change over time in both experiments was the same.
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Fig. 2.
ADP stimulation of the respiratory burst induces glutathionylation of PTP1B. NR8383 cells
were incubated at 37°C for different lengths of time in the presence or absence of 400 μM
ADP. Aliquots of whole cellular extract were immunoprecipitated with an antibody to PTP
1B, and the immunoprecipitates were probed by immunoblotting with antibodies to
glutathione-protein complexes or PTP1B. DTT was added to the loading buffer of some
samples to reverse glutathionylation. Quantification of the glutathionylated PTP1B, for this
experiment, was plotted as percentage of PTP1B-SSG of total PTP1B. Based on the
densitometry of IP of different experiments (n = 5) the mean of the percentage of PTP1B-SSG
in respect to the total PTP1B as a function of time after stimulation with ADP was 32.1 ± 15.5%
for control, 36.4 ± 21.02% 5 min, 57.9 ± 27.5% 10 min, 41.7 ± 29.1% 15 min, and 44.5 ±
23.6% 20 min. Despite the variability, which is largely due to the semiquantitative nature of
densitometry, the pattern of change over time in all four experiments was the same.
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Fig. 3.
Catalase inhibits the glutathionylation of PTP1B induced by the ADP-stimulated respiratory
burst. After 5 min preincubation with 100 U/ml catalase, NR8383 cells were exposed to ADP
as in Fig. 2 and then lysed. Proteins (500 μg) were subjected to immunoprecipitation with the
antibody to PTP1B and the immunoprecipitates were separated by electrophoresis and
immunoblotted. The membranes were probed with the antibody to glutathione-protein
complexes and then reprobed with the antibody to PTP1B.
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Fig. 4.
Inhibition of glutathione reductase by BCNU induces PTP1B glutathionylation. After
preincubation for 2 h with 100 μM BCNU, cells were immunoprecipitated with the antibody
to PTP1B and the immunoprecipitates were separated by electrophoresis and immunoblotted
with the antibody to glutathione-protein complexes. The membranes were probed with the
antibody to glutathione-protein complexes and then reprobed with the antibody to PTP1B.
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Fig. 5.
H2O2 produced by the ADP-stimulated respiratory burst does not cause glutathionylation of
SHP-1 and SHP-2 in NR8383 cells. (A) NR8383 cells were exposed to 400 μM ADP for various
times. SHP-1 and SHP-2 were immunoprecipitated with their respective antibodies, and the
immunoprecipitates were separated by electrophoresis and immunoblotted with the antibody
to glutathione-protein complexes. The membranes were stripped and reprobed with the
antibodies to SHP-1 or SHP-2. (B) Disulfide bond formation between SHP-1 and SHP-2 and
glutathione was induced by adding 25 mM GSSG in the lysis buffer. Aliquots of lysate were
immunoprecipitated with antibodies to SHP-1 or SHP-2. In some samples, DTT was added to
the loading buffer to reverse glutathionylation. The immunoprecipitates were separated by
electrophoresis and immunoblotted with the antibody to glutathione-protein complexes. The
membranes were stripped and reprobed with the antibodies to SHP-1 or SHP-2.
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