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Protein tyrosine phosphatases (PTPs) comprise a large
family of enzymes that are critical regulators of signal
transduction. The normal function of PTPs is required

Abbreviations

The oxidation and inactivation of protein tyrosine phosphatases is one
mechanism by which reactive oxygen species influence tyrosine phosphory-
lation-dependent signaling events and exert their biological functions. In
the present study, we determined the redox status of endogenous protein
tyrosine phosphatases in HepG2 and A431 human cancer cells, in which
reactive oxygen species are produced constitutively. We used mass spec-
trometry to assess the state of oxidation of the catalytic cysteine residue of
endogenous PTP1B and show that this residue underwent both reversible
and irreversible oxidation to high stoichiometry in response to intrinsic
reactive oxygen species production. In addition, our data show that the
oxidation of PTPI1B is specific to the active site Cys, with the other Cys
residues in the protein remaining in a reduced state. Treatment of these
cells with diphenyleniodonium, an inhibitor of NADPH oxidases, decreased
reactive oxygen species levels. This resulted in inhibition of protein tyrosine
phosphatase oxidation, concomitant with decreased tyrosine phosphoryla-
tion of cellular proteins and inhibition of anchorage-independent cell
growth. Therefore, our data also suggest that the high level of intrinsic
reactive oxygen species may contribute to the transformed phenotype of
HepG2 and A431 cells via constitutive inactivation of cellular protein tyro-
sine phosphatases.

to control reversible protein tyrosine phosphorylation,
which governs fundamental physiological functions
such as cell growth, proliferation, differentiation,

DPI, diphenyleniodonium; Nox, NADPH oxidase; PTP, protein tyrosine phosphatase; ROS, reactive oxygen species; RPTP, receptor-like

protein tyrosine phosphatase.
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survival, metabolism and motility [1]. Analyses of the
human genome sequence have revealed that the PTP
superfamily is encoded by ~ 100 PTP genes and
includes 37 classical, phosphotyrosine-specific phospha-
tases as well as ~ 60 that are currently described as dual
specificity phosphatases, which recognize p-Ser/p-Thr
and p-Tyr residues in proteins as well as non-protein
substrates [2]. Although there is structural diversity
within the PTP family, these enzymes are characterized
by a signature motif [[/VIHCXXGXXR[S/T], which
contains an invariant Cys residue that is essential for
catalysis [1]. The environment of the active site confers
an unusually low pKa on this Cys [3,4], which therefore
is present as a thiolate anion at neutral pH. This unique
feature is critical in enhancing the ability of this
catalytic Cys to function in nucleophilic attack on the
phosphate group of the substrate; however, the low
pKa also renders this residue highly susceptible to oxi-
dation, with concomitant inhibition of PTP activity [5].

Many investigations have illustrated the importance
of NADPH oxidases (Noxs) in controlling cellular
redox status [6,7]. The prototypic Nox was identified
in phagocytes and shown to be an important compo-
nent of the respiratory burst. It is clear that Nox iso-
forms are present in cells derived from various tissues
producing reactive oxygen species (ROS) in response
to extracellular stimuli, although at lower levels than
in phagocytes [8,9]. A substantial body of evidence has
demonstrated that the intracellular redox state is
highly dynamic and tightly regulated by the coordi-
nated actions of enzyme systems that generate and
remove ROS [10]. It is now appreciated that ROS,
such as H,O,, function as second messengers in the
regulation of tyrosine phosphorylation-dependent sig-
naling events in response to extracellular stimuli
[10,11]. In order to act in propagating a signaling
response to extracellular stimuli, ROS regulate post-
translational modifications of cellular proteins, thereby
controlling the function of those proteins. The unique
biochemical and structural characteristics of the active
site Cys in PTPs engendered the hypothesis that these
enzymes might be direct targets of ROS.

In principle, mild oxidation of Cys leads to the for-
mation of a sulfenic acid derivative (Cys-SOH) or a
cyclic sulfenamide species [12—14], either of which
would reflect a reversible modification. By contrast,
higher levels of oxidants may convert the Cys residue
to either sulfinic (Cys-SO,H), or sulfonic (Cys-SOs;H)
acid [12-14], which normally results in an irreversible
modification. Because the oxidized Cys could no longer
function as a nucleophile, oxidation would abrogate
the enzymatic activity of those PTPs that have encoun-
tered ROS. Indeed, previous studies performed in vitro
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have demonstrated that several PTPs, such as PTP1B,
leukocyte antigen-related and vaccinia H1-related phos-
phatases, were inactivated in response to treatment
with H,O, [5]. Consequently, it was proposed that
redox-dependent regulation may be a general mecha-
nism for the control of cellular PTP activity in various
signaling contexts. This hypothesis was further sup-
ported by reports that ROS facilitated the inhibition of
PTP activity and activation of tyrosine phosphoryla-
tion-dependent signaling pathways in cells in response
to a broad spectrum of extracellular ligands [15-21].
The assays currently used to measure PTP oxidation
are indirect, and performed by assessing enzymatic
activity or susceptibility of the active site Cys to alkyl-
ation. However, the various oxidation states of the
Cys residue in the PTP active site signature peptide
can be resolved by MS. In the present study, we
applied MS-based analysis to characterize the state of
oxidation of the invariant catalytic Cys of PTP1B in
HepG2 and A431 human cancer cells, in which we
have shown that ROS were produced constitutively.
Our data demonstrate that, in the presence of the high
ROS levels generated in these cells, the catalytic Cys of
endogenous PTPIB is subject to both reversible and
irreversible oxidation. Surprisingly, more than 65% of
the total pool of PTPIB in these cells was in an oxi-
dized and inactivated state. Moreover, we show that
the ROS produced in these cells act to promote tyro-
sine phosphorylation-dependent signaling and anchor-
age-independent growth, indicating a potential role of
the constitutively-produced ROS in maintaining the
transformed phenotype of HepG2 and A431 cells.

Results

Constitutive production of ROS occurs
concomitantly with reversible inactivation of
endogenous PTPs in human cancer cells

To examine the redox-dependent regulation of endoge-
nous PTPs in a biological model, we turned our atten-
tion to human cancer cells, which produce ROS in a
sustained manner, in contrast to untransformed cells in
which ROS are normally produced transiently in
response to extracellular stimuli [11,22,23]. We evalu-
ated the level of H,O, produced by four cancer cell
lines derived from human carcinomas. Following a
time course of incubation with Amplex Red, which is
converted to a fluorescent derivative when it encoun-
ters H,O, in culture media, we observed that the hepa-
toma HepG2 cells and epidermoid carcinoma A431
cells produced substantial ROS (Fig. 1A) and we
focused attention on these cells for further study.
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Fig. 1. Multiple PTPs are reversibly oxidized in HepG2 and A431
human cancer cells that produce significant levels of ROS. HepG2
(HG), A431 (A), Hela (HL) and Caco-2 (C) human cancer cells were
utilized in these experiments. (A) Cells (1.5 x 10%) were incubated
with Amplex Red in serum-free KRPG buffer for 0, 10, 30 and
60 min. The levels of ROS released into the culture medium were
quantitated by a fluorescence microplate reader. Units shown are
arbitrary and are the mean + SE of triplicate experiments. (B)
Serum-starved cells were lysed in the absence () or presence (+)
of 100 mm iodoacetamide (IAA). An aliquot of total lysate (25 pg)
was subjected to in-gel phosphatase activity assay (upper panel) or
immunoblotting with anti-actin serum (lower panel). Arrowheads
indicate PTPs resistant to iodoacetamide-mediated alkylation,
reflecting that their catalytic Cys residue might be reversibly oxi-
dized in cells. (C) Endogenous PTP1B was immunoprecipitated
from HepG2 and A431 lysates (100 pg) with anti-PTP1B serum FG6
(5 ng). An aliquot of lysate (25 pg), immunocomplex and super-
natant post-immunoprecipitation (25 pg) was subjected to in-gel
phosphatase activity assay (upper panel) or immunoblotting with
anti-actin serum (lower panel). The arrowhead indicates the position
of endogenous PTP1B that was immunodepleted by anti-PTP1B
serum FG6 from total lysate.

To test the effect of constitutively produced ROS on
PTP oxidation and inactivation, cells were harvested
under anaerobic conditions in the absence (Fig. 1B,
lanes 1-4) or presence (Fig. 1B, lanes 5-8) of iodoace-
tamide, which irreversibly carbamidomethylated Cys
residues of any cellular PTPs that were in the reduced
form. By contrast, any Cys residues in PTPs that had
been oxidized in response to ROS were resistant to
carbamidomethylation by iodoacetamide. An aliquot
of lysate was then subjected to a standard in-gel phos-
phatase activity assay. Upon completion of electro-
phoresis, the gel, which had been cast to contain a
32p_labeled substrate, was sequentially processed in
denaturation buffer, then renaturation buffer in the
presence of reducing agents, leading to the reactivation
of those PTPs that were reversibly oxidized in cells.
We observed that, out of the spectrum of PTPs that
were detectable in cell lysates (Fig. 1B, lanes 1-4),
three PTPs, with a respective approximate molecular
mass of 115, 50 and 45 kDa, underwent reversible oxi-
dation in HepG2 and A431 cells (Fig. 1B, lanes 5-6).
As shown in Fig. 1B (lanes 7-8), the 45 kDa PTP was
also reversibly oxidized, although to a lesser extent, in
HeLa and Caco-2 cells.

To explore further the molecular basis for the ROS-
mediated modification of PTP activity, it was essential
to identify those reversibly oxidized phosphatases. We
focused our attention on the 50 kDa PTP because its
reversible oxidation occurred to the greatest extent in
the cells that produced higher levels of ROS (Fig. 1).
On the basis of its M, we hypothesized that the phos-
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phatase might be PTPIB. Using immunodepletion,
together with an in-gel phosphatase activity assay, we
observed that the anti-PTP1B serum FG6 effectively
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immunoprecipitated from the lysate the 50 kDa PTP
that was reversibly oxidized in HepG2 and A431 cells
(Fig. 1C).

An MS-based strategy to identify oxidation of
catalytic Cys residues in PTPs

We wished to develop an analytical platform by
which to measure directly redox-dependent modifica-
tion of PTPs in vivo. For this purpose, we undertook
the MS-based strategy that is outlined in Fig. 2. As
indicated, ROS produced under physiological condi-
tions, such as H,O,, may induce different degrees of
oxidation of Cys residues. In the presence of iodo-
acetamide, the various oxidized forms of the Cys

PTP-S-
| +H,0,
PTP-SH PTP-SOH PTP-SO;H
s PTP-SO,H
PTPL

| | |
iodoacetamide

' \ \

PTP-SCAM PTP-SOH PTP-SO.H
PTP:E PTP-SO-H

| | |

reducing reagent

\ \ ¥

PTP-SCAM PTP-S PTP-SOH
‘ ‘ PTP-SO;H

MALDI-Q-TOF MS and MS/MS

Fig. 2. A MS-based strategy to identify oxidative modifications of
Cys residues in PTPs. ROS trigger oxidative modifications of the
active site Cys residues in PTPs that may lead to the formation of
reversible sulfenic acid (-SOH) and sulfenamide (-S-N) derivatives,
or irreversible sulfinic acid (-SO,H) and sulfonic acid (-SO3zH) deriva-
tives. By contrast, PTPs that do not encounter ROS remain in the
reduced, thiolate anion (-S7) form. After alkylation with iodoaceta-
mide followed by SDS/PAGE under reducing conditions, Cys resi-
dues in the reduced state will be carbamidomethylated (-CAM),
whereas the reversibly oxidized Cys, which is resistant to alkyl-
ation, will be reduced to Cys-SH. Those highly oxidized Cys-SO,H
and Cys-SO3H residues, which are unaffected by the process of
alkylation and reduction, will remain in these oxidized states. The
various modifications of the PTPs are revealed by MALDI-MS analy-
sis followed by MS/MS sequencing.
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residue in PTPs that had been exposed to ROS
would be resistant to alkylation, whereas any active
site Cys residues remaining in the reduced thiolate
form would be carbamidomethylated. Upon reduc-
tion during SDS/PAGE, PTPs in which the active
site Cys was irreversibly oxidized (Cys-SO,H and
Cys-SO3H) would remain oxidized. On the other
hand, any PTPs in which the Cys was reversibly oxi-
dized would be reduced to Cys-S~, allowing them to
be distinguished from the original reduced form,
which would have been converted to carbamidome-
thylated Cys (Cys-CAM) in the initial alkylation
step. The gel was stained with Coomassie Blue, and
the protein bands corresponding to the position of
PTPs were subjected to MALDI-MS analysis fol-
lowed by MS/MS sequencing.

To validate the MS-based strategy, we first estab-
lished an in vitro model using purified PTP1B. The
C-terminally-truncated, 37 kDa human PTPI1B protein
was incubated with H,O,, followed by alkylation with
iodoacetamide, and then subjected to reducing
SDS/PAGE. We noticed that, whereas the control
untreated PTP1B ran as a 37 kDa protein (Fig. 3A),
following treatment with 100 pmM H,O,, PTPIB was
resolved into two forms (Fig. 3B). When 10 mMm
H,0, was applied, we observed that the electropho-
retic mobility of all of the PTPIB was retarded to
the 39 kDa form (Fig. 3C). These protein bands were
excised, digested in-gel with trypsin, and extracted
peptides were profiled by MALDI-MS analysis. In
general, > 50% of the protein sequence could be
mapped, including all Cys-containing peptides (Fig. 4)
and, in particular, the tryptic peptide containing the
active site Cys (T28) could be clearly detected based
on the exact molecular mass information. Under the
experimental conditions employed, the free thiol on
reduced Cys (Cys-SH) was expected to be carbami-
domethylated (Cys-CAM). As expected, T28 from the
iodoacetamide-reacted PTP1B sample generated pre-
dominantly a protonated molecular ion at m/z 2232
(Fig 3A), corresponding in mass to the expected pep-
tide sequence carrying a carbamidomethylated Cys,
indicating that the catalytic Cys of control PTP1B
was predominantly in the active, reduced form.
Importantly, a significant proportion of T28 from the
lower 37 kDa band derived from 100 pm H,O,-trea-
ted PTPIB (Fig 3B, lower panel) was found indeed to
contain Cys-SH (m/z 2175), in addition to Cys-CAM
(m/z 2232), thus reflecting the appearance of the
reversibly oxidized form of PTPIB in response to
H,0, treatment. MALDI-MS mapping revealed that
the catalytic Cys in peptide T28 from the upper
39 kDa band was primarily irreversibly oxidized. The
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Fig. 3. Treatment of recombinant PTP1B with H,0O, induces oxidative modifications of its catalytic Cys residue. The recombinant 37 kDa
PTP1B was reacted with various concentrations of H,O, at room temperature for 10 min. Following the addition of catalase, samples were
incubated with iodoacetamide (100 mm) to alkylate reduced Cys residues in PTP1B. An aliquot of 1 ung PTP1B per lane was subjected to
reducing SDS/PAGE for Coomassie Blue staining. As indicated by arrowheads beside the gel images, PTP1B that had been reacted with
100 um H,0, (B) was resolved into 39 and 37 kDa species, whereas 10 mm H,O,-treated PTP1B showed only the 39 kDa band (C). The
forms of PTP1B before (A) and after treatment with 100 pum (B) or 10 mm H,0, (C) were resolved by SDS/PAGE and subjected to in-gel
digestion for MALDI-MS mapping of tryptic peptides. The catalytic Cys215 that is susceptible to oxidation was carried on tryptic peptide T28
(A, B), giving the [M+H]* signals at m/z 2175, 2207, 2223 and 2232 (accurate monoisotopic mass), corresponding respectively to the
reduced (-SH), sulfinic acid (-SO,H), sulfonic acid (-SOzH), and carbamidomethylated (-CAM) forms, as indicated in (A). (C) The MS region
where another Cys-containing tryptic peptide (T15) was detected primarily in the carbamidomethylated form (m/z at 2921) is shown. The
peak at m/z 2211, marked with an asterisk, corresponds to a peptide derived from autodigested trypsin.

two molecular ion signals detected at m/z 2207 and
2223 could be assigned to T28 carrying a Cys-SO,H
and a Cys-SO3H, respectively (Fig 3B, upper panel).
At a higher H,O, concentration (10 mMm), we
observed only the upper 39 kDa band, which gave
the same irreversibly oxidized T28 peptides upon

tryptic digestion (data not shown). It is important to
note that oxidation appeared to be confined specifi-
cally to the invariant catalytic Cys, whereas the other
Cys residues in PTPIB remained unaffected and thus
were detected mainly in a carbamidomethylated form,
as illustrated by Cys92 in peptide T15 (Fig 3C). Our
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Fig. 4. MALDI-MS and MS/MS identification of peptides and Cys residue modifications of human and rat PTP1B. The tryptic peptide
sequences in gray are delimited by K and R residues in black and named sequentially from the N-terminus. Those detected by MALDI-MS
mapping are underscored with a dotted line whereas the catalytic Cys-containing peptide (T28) is boxed and shaded. All other Cys residues
marked with an asterisk were successfully detected by MALDI-MS mapping and shown not to be susceptible to oxidation. The recombinant
human PTP1B used in experiments shown in Fig. 3 was C-terminally-truncated relative to the endogenous form. It terminated at Asn321
(vertical arrowhead) and thus did not give rise to the tryptic peptide T42, which was only generated from full-length PTP1B. The T28 peptide
of rat PTP1B differs from the human sequence by one amino acid residue, as boxed. The Arg-C protease does not cleave efficiently at Lys,
thus producing longer Lys-containing peptides that span tryptic cleavage sites; however, this specificity is not absolute. A tryptic peptide
T48 from the C-terminal segment of the native form of PTP1B overlaps in mass with the triply oxidized (Cys-SOzH) T28 peptide and was lar-
gely removed by using Arg-C instead of tryptic digestion as described. However, a small amount of T48 was still produced, as demonstrated
by MS/MS sequencing (Fig. 9), indicating a small degree of unintended cleavage at Lys by the Arg-C protease.

data thus demonstrate the feasibility of MS-based
analysis to identify various oxidized forms of the Cys
residue at the active site of a given PTP and highlight
the fact that PTP oxidation is restricted to the active
site Cys residue.

MS-based analyses identified reversible and
irreversible oxidation of catalytic Cys of
endogenous PTP1B in HepG2 and A431 cells

In the next phase of the study, we sought direct
evidence of oxidation-dependent modification of the
active site Cys residue of endogenous PTPs in cells. Ini-
tially, we conducted a pilot experiment to validate the
MS-based strategy for detecting the oxidation status of
PTPIB (Fig. 2). Accordingly, we focused our attention
on normal Rat-1 fibroblasts, which generated low to

74

undetectable levels of ROS in the absence of serum
(Fig. 5A), suggesting that endogenous PTPs expressed
in Rat-1 cells would presumably be in the reduced state
(Fig. 5B). These experiments in Rat-1 cells should also
serve as an ideal model to examine the effectiveness of
our cell lysis procedure in minimizing post-lysis oxida-
tion, a critical prerequisite to ensure the accuracy of
MS-based analysis of the redox status of endogenous
PTPs. PTP1B, which was immunoprecipitated from
Rat-1 lysates in the presence of iodoacetamide, was
identified as a 50 kDa protein band by SDS/PAGE
(Fig. 5C). The band was excised from the gel, digested
with trypsin, and subjected to MALDI-MS analysis,
which demonstrated that the catalytic Cys residue was
in the carbamidomethylated form (Fig. 5D), reflect-
ing its original reduced state in cells. Importantly, we
did not observe reversibly or irreversibly oxidized
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Fig. 5. PTP1B expressed in normal Rat-1 fibroblasts, which produce a low level of ROS, is mostly in the reduced and active form. (A)
HepG2, Rat-1 and NIH3T3 cells were incubated with Amplex Red for 60 min, and the levels of cellular ROS production were measured
according to the procedure described in the Experimental procedures. (B) Rat-1 (R) and NIH3T3 (N) cells were serum starved for 16 h prior
to lysis in the absence () or presence (+) of 100 mm iodoacetamide (IAA). An aliquot of lysate (25 nug) was subjected to an in-gel phospha-
tase activity assay (upper panel) or to immunoblotting with anti-actin serum (lower panel). (C) Serum-starved Rat-1 cells were harvested in
the absence (=) or presence (+) of 100 mm iodoacetamide. Endogenous PTP1B was immunoprecipitated with antibody FG6 followed by in-
gel phosphatase activity assay (upper left panel) or immunoblotting with anti-PTP1B serum (lower left panel). The arrowhead indicates the
position of endogenous PTP1B in an SDS/PAGE gel. An aliquot of immunocomplex obtained from iodoacetamide-treated lysate was sub-
jected to SDS/PAGE, followed by Coomassie Blue staining (right panel). The position of PTP1B or IgG heavy chain (IgG HC) in an
SDS/PAGE gel is indicated by an arrowhead. (D, E) MALDI-MS mapping (D) and MS/MS sequencing (E) of the active site Cys215-containing
peptide T28 from endogenous PTP1B of serum starved Rat-1 cells. The PTP1B band shown in Coomassie Blue staining (C) was excised
from the gel for analysis. In (D), the expected peaks for the redox variants of the T28 peptide are indicated. In (E), the characteristic mass
difference of 160 u between yg and y; unambiguously defined a carbamidomethylated Cys residue. The rest of the y ion series defined the
overall sequence of T28, as illustrated schematically. The asterisk in (D) denotes a peptide derived from autodigested trypsin. On the basis
of these data, we conclude that the endogenous PTP1B expressed in Rat-1 fibroblasts is mostly in the reduced and active form (B-E). This
is in accordance with a very low level of spontaneous ROS production by Rat-1 cells (A).

derivatives of the Cys residue in the immunoprecipi- Endogenous PTP1B was immunoprecipitated from
tates, consistent with the low level of constitutive ROS HepG2 and A431 cells, which had been cultured in
production by Rat-1 cells (Fig. SA). The identity of the serum-free medium without additional stimuli, then
peptide was confirmed by MS/MS sequencing lysed in the presence of iodoacetamide under anaerobic
(Fig. 5E). These data demonstrate that this MS-based conditions. Immunocomplexes were subjected to SDS/
strategy can be used to detect the peptide containing PAGE in reducing conditions for either Coomassie
the active site Cys from endogenous PTPIB that had Blue staining or in-gel phosphatase activity assay.
been immunoprecipitated from cell lysates. Following From the immunoprecipitates, PTPIB was resolved
the same experimental procedures, we investigated into two species, of ~ 50 and 52 kDa, by SDS-PAGE
whether ROS produced in human cancer cells led to (Figs 6A and 7A). The 50 kDa PTPIB (lower band)
oxidation of the catalytic Cys residue of PTPI1B. was active, as revealed by the in-gel assay, whereas no
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activity was measured in the 52 kDa species (higher
band) (Figs 6A and 7A). The 50 and 52 kDa protein
bands were excised from the gel and subjected to in-gel
Arg-C digestion. The choice of Arg-C digestion in
favor of trypsin was to reduce the intensity of a tryptic
peptide, T48, that would otherwise interfere with iden-
tification of the T28 peptide containing the catalytic
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m/z

Cys in a highly oxidized state (SO3H) at m/z 2223,
with the two differing by only 1 mass unit. The peptide
mass mapping was then carried out by MALDI-
MS/MS, which clearly identified that both 50 and
52 kDa protein bands were human PTP1B, as revealed
by the MASCOT search engine (sequences are summa-
rized in Fig. 4). It is interesting to note that, although
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Fig. 6. ROS produced by HepG2 cells induce constitutive oxidation and inactivation of endogenous PTP1B. HepG2 cells were serum-starved
for 16 h prior to lysis in the presence of 100 mm iodoacetamide. The endogenous PTP1B was immunoprecipitated with anti-PTP1B serum
FG6. After reducing SDS/PAGE, staining with Coomassie Blue revealed that PTP1B in the immunocomplex segregated into two bands
(~ 50 and 52 kDa; arrowheads in A), which were analyzed by in-gel phosphatase activity assay and MALDI-MS mapping (A), as well by
MS/MS sequencing (B). The relevant region of the mass spectra for the derived Arg-C peptides is shown in the upper and lower panels
respectively, as indicated in (A). The expected occurrence of the molecular ion signals for the redox variants of T28 is annotated and each
was further subjected to MALDI-TOF/TOF MS/MS analysis as shown in (B) for the Cys-SO,H (B-1, from ~ 52 kDa band), Cys-SO3H (B-2,
from ~ 52 kDa band), Cys-SH (B-3, from ~ 50 kDa band), and Cys-CAM (B-4, from ~ 50 kDa band) forms, respectively. In each case, a com-
mon ye ion could be detected at m/z 560, followed by different y; ions, the m/z values of which essentially define the modification state of
the Cys. This is further supported by other higher y ions detected, as annotated. The peak at m/z 2222, marked with an asterisk in (A), cor-
responds to a peptide derived from Arg-C-digested T48. In the case of T28 carrying Cys-SOsH from the upper band (B-2), the MS/MS spec-
trum is a composite of that contributed by T28 and T48, the respective parent ions differ only by 1 mass unit and were not resolved for
MS/MS analysis. Only the daughter ions from T48 could be observed in the MS/MS spectrum of the parent at m/z 2222 from the

~ 50 kDa lower band, indicating that an irreversibly oxidized form of PTP1B was not found.

the mobility of proteins in SDS/PAGE gels may be
affected by phosphorylation, as documented in numer-
ous studies, we did not observe any detectable level of
Ser/Thr/Tyr phosphorylation in both forms of PTPIB
according to MS-based analyses. Indeed, the MALDI-
MS data demonstrated that the Arg-C digests from the
upper band comprised both irreversibly oxidized
forms, as the two molecular ion signals detected at
m/z 2207 and 2223 could be assigned to T28 carrying
a Cys-SO,H and Cys-SO3H, respectively (Figs 6A and
7A). This is consistent with the observation that this
form of PTPIB did not display activity in the in-gel
phosphatase activity assay (Figs 6A and 7A), and was
detected by immunoblotting using an antibody specifi-
cally recognizing PTPs whose catalytic Cys was in the
sulfonic acid modification (Fig. 8). By contrast, the
lower band afforded signals of the Cys-SH and Cys-
CAM forms at m/z 2175 and 2232 (Figs 6A and 7A),
reflecting the presence of the reversibly oxidized forms
and reduced forms of endogenous PTP1B, respectively.
Each of the four was further analyzed by MALDI-
MS/MS, which afforded unambiguous confirmation of
both peptide sequence and the site specific Cys-modifi-
cations through the mass interval defined by the y;
and yg ions (Figs 6B and 7B). It should be noted that
the peak at m/z 2223 from the lower band (Figs 6A
and 7A) was not derived from the Cys-SOsH form of
T28 peptide. MS/MS analysis confirmed that this sig-
nal corresponds to the isotope peak of the aforemen-
tioned T48 peptide (monoisotopic at m/z 2222), a
result of a small degree of Lys-cleavage induced by the
Arg-C digestion (Fig. 9). The results obtained from the
MALDI-MS analysis also demonstrate that other Cys
residues in the immunoprecipitated 50 kDa or 52 kDa
PTP1B (Fig. 4) were completely carbamidomethylated,
indicating their reduced status. Our data thus provide
unambiguous evidence demonstrating that the catalytic
Cys residue of endogenous PTP1B expressed in HepG2

and A431 cells was oxidized by intrinsic ROS and that
this Cys residue was modified selectively.

A substantial fraction of endogenous PTP1B is
constitutively oxidized in HepG2 and A431 cells

We wished to quantitate the relative proportion of the
oxidized forms of endogenous PTP1B in cells. Densito-
metric analyses in the Coomassie Blue-stained images
revealed that the intrinsic oxidative stress in HepG2
and A431 cells drove 43% and 38% of endogenous
PTPI1B, respectively, to an irreversibly oxidized,
~ 52 kDa form (Fig. 10A). The protein band at the
~ 50 kDa position, which comprised the remaining
57% (HepG2) or 62% (A431) of PTPIB (Fig. 10A),
was subjected to further analysis to determine the rela-
tive quantity of the reversibly oxidized and reduced
forms of the enzyme. For this purpose, we established
a calibration curve. A synthetic peptide with the
sequence of the T28 peptide of human PTPIB was
either left untreated or reacted with excess iodoaceta-
mide for complete alkylation of the Cys residue. The
free sulfydryl (Cys-SH) and carbamidomethylated
(Cys-CAM) peptides were mixed in various molar
ratios prior to MALDI-MS analysis. In the analysis of
each peptide mixture, we calculated an intensity ratio
between the MS peak m/z 2175 (T28-Cys-SH) and the
peak m/z 2232 (T28-Cys-CAM). A calibration curve of
the MS intensity ratio over the molar ratio [T28-Cys-
SH] to [T28-Cys-SCAM] was constructed. As shown in
Fig. 10B, within the range in the present study, the
molar ratios of free and alkylated T28 peptide showed
a perfect linear relationship with the corresponding
MS intensity ratios. Thus, alkylation of the peptide did
not affect its ionization during MS. Therefore, on the
basis of such a calibration curve, we calculated the
relative proportion of reversibly oxidized and reduced
forms of endogenous PTP1B. The intensity ratio (peak
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Fig. 7. ROS produced by A431 cells induce constitutive oxidation and inactivation of endogenous PTP1B. The experimental details are
described in the legend of Fig. 6. Briefly, A431 cells were serum-starved prior to lysis in the presence of iodoacetamide. The immunoprecipi-
tated PTP1B was subjected to reducing SDS/PAGE followed by Coomassie Blue staining. As in HepG2 cells (Fig. 6), the FG6-precipitated
immune complex of PTP1B from A431 cells segregated into two bands (~ 50 and 52 kDa; arrowheads in A). The relevant region of the
mass spectra for the derived Arg-C peptides is shown in the upper and lower panels respectively, as indicated in (A). The expected occur-
rence of the molecular ion signals for the redox variants of T28 is annotated and each was further subjected to MALDI-TOF/TOF MS/MS
analysis as shown in (B) for the Cys-SO,H (B-1, from ~ 52 kDa band), Cys-SO3H (B-2, from ~ 52 kDa band), Cys-SH (B-3, from ~ 50 kDa
band), and Cys-CAM (B-4, from ~ 50 kDa band) forms, respectively. The peak at m/z 2222, marked with an asterisk in (A), corresponds to a
peptide derived from Arg-C-digested T48.
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Fig. 8. Immunoblotting analysis of highly oxidized PTP1B. Recom-
binant 37 kDa PTP1B, either untreated, or reacted with H,O,, was
subjected to reducing SDS/PAGE for immunoblotting or Coomassie
Blue staining. As indicated by arrowheads beside the gel image
(right panel), PTP1B that had been treated with H,O, was resolved
into 39 and 37 kDa species. Immunoblotting with mouse anti-(oxi-
dized PTP active site) serum demonstrated that only the 39 kDa
band, which appeared in H,O,-treated PTP1B, was irreversibly
oxidized, consistent with our MS-based analysis. (B) PTP1B was
immunoprecipitated from serum-starved A431 cells with rabbit anti-
PTP1B serum, then immunoblotted with anti-(oxidized PTP active
site) serum or mouse anti-PTP1B serum FG6. An aliquot of the
immunocomplex was also applied to SDS/PAGE, followed by
SYPRO Ruby staining (Sigma-Aldrich). The arrowheads indicate the
position of irreversibly oxidized species (left panel), which is located
in the slower migrating band in the immunoblot with FG6 antibody
(right panel).

m/z 2175 over peak m/z 2232), obtained from the MS
analysis of the 50 kDa protein band in immunocom-
plexes (Figs 6A and 7A), was used for the calculation.
The results indicated that ~ 25% or 49% of total
PTP1B protein immunoprecipitated from HepG2 or
A431 cells, respectively, was in the reversibly oxidized
form (Fig. 10A). Our results also demonstrate that the
reduced, and thereby active, form of endogenous
PTPIB represented a relatively small proportion of
total PTP1B (32% and 13% in HepG2 and A431 cells,
respectively).

Suppression of ROS production leads to
decreased PTP oxidation, inhibition of tyrosine
phosphorylation and decreased anchorage-
independent growth in HepG2 cells

It has been shown that Nox enzymes generate ROS in
a variety of cell types [6,7], and that accumulation of

MS analysis of PTP oxidation in cancer cells

ROS may contribute to cell transformation [24-26].
On the basis of these observations, we examined
whether the activation of endogenous Nox enzymes
contributed to PTP oxidation in HepG2 and A431
cells. To test this hypothesis, we examined the effect of
diphenyleniodonium (DPI), a conventionally used
inhibitor of Nox enzymes [27]. As shown in Fig. 11A,
the addition of DPI significantly suppressed the level
of ROS generated by HepG2 and A431 cells. Interest-
ingly, the inhibition of H,O, production in response to
DPI treatment attenuated the oxidation of cellular
PTPs, as indicated by decreased signals from the 115,
50 and 45 kDa phosphatases in the in-gel assay
(Fig. 11B, arrowheads).

When we assayed endogenous PTP1B specifically in
immunoprecipitates from HepG?2 cells grown in serum-
free medium in the absence or presence of DPI, we
observed that treatment with DPI led to a decrease in
the reversible oxidation of the 50 kDa PTP1B protein
(Fig. 12A). In light of this DPI-mediated reactivation
of PTPIB, as well as other endogenous PTPs
(Fig. 11B), we assessed the overall status of protein
tyrosine phosphorylation in HepG2 cells under these
conditions. As shown in Fig. 12B, the level of phos-
photyrosine in multiple cellular proteins, in the range
80-200 kDa, and a low molecular weight protein of
~ 30 kDa, were significantly reduced in response to
DPI treatment. Our data suggest that, in response to
the suppression of ROS production, decreased PTP
oxidation resulted in increased PTP activity, and there-
fore increased dephosphorylation of tyrosine residues
in cellular proteins. It has been well documented that
protein tyrosine phosphorylation is pivotal to the con-
trol of mitogenic signaling and cell transformation.
Therefore, we explored the effect of DPI-dependent
inhibition of tyrosine phosphorylation on the regula-
tion of anchorage-independent growth of HepG2 cells.
As shown in Fig. 12C, HepG2 cells formed large colo-
nies in the soft agar medium, as expected for trans-
formed cells. Interestingly, in the presence of DPI, the
number of large HepG2 cell colonies was significantly
decreased (Fig. 12C). Collectively, these data indicate
that the constitutive production of ROS is a prerequi-
site for inactivation of endogenous PTPs, which may
in turn promote protein tyrosine phosphorylation and
contribute to the transformed phenotype of HepG2
cells.

Discussion

Initially, ROS were viewed only as a harmful by-prod-
uct of life in an aerobic environment, leading to delete-
rious effects, such as DNA damage, and ultimately
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such conditions as cell transformation, neurodegenera-
tion and aging. The first biological role of ROS to be
identified was attributed to the controlled production
of a burst of oxidants generated by phagocytic leuko-
cytes in the innate immune response to infection [7].
More recently, evidence has accumulated indicating
that low concentrations of ROS can function as regu-
latory molecules in tyrosine phosphorylation-depen-
dent mitogenic signaling pathways [28,29]. It is well
documented that various extracellular stimuli (e.g. pep-
tide growth factors, hormones, cytokines and agonists
of G-protein coupled receptors) induce transiently
increased levels of cellular ROS [8,15,17-19,21,30,31].
Pre-incubation of cells with anti-oxidants or ectopic
expression of enzymes that degrade H,O, inhibits
ligand-induced tyrosine phosphorylation-dependent
signaling responses [15,17-19,21], suggesting that oxi-
dation-dependent regulation of signaling molecules is
critical for the control of cellular homeostasis. In the
context of phosphotyrosine signaling, it appears, for
the most part, that protein tyrosine kinases are not a
direct target of ROS [32], although there have been
reports of the regulation of Src by oxidation of critical
Cys residues [33]. By contrast, a large number of stud-
ies have highlighted that PTPs may be oxidation sen-
sors, due to the low pKa character of the invariant
active site Cys residue that is highly susceptible to
oxidation with concomitant enzyme inactivation
[10,11,34].

In response to elevated concentrations of ROS, the
active site Cys residue in PTPs may be oxidized
sequentially to sulfenic acid (cyclic sulfenamide), sulfi-
nic acid or sulfonic acid derivatives [13,35]. To test
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Fig. 9. MS/MS analysis of the peptide with
m/z 2222. The peptide peak at m/z 2222 in
the MALDI-MS spectrum of Arg-C-digested
50 kDa PTP1B precipitated from HepG2
cells (Fig. 6A, lower panel) was subjected to
MS/MS sequencing. The result demon-
strated that only the fragment ions from
peptide T48 were observed, presumably
generated by the non-specific cleavage of
Arg-C-mediated hydrolysis. Fragment ions
that would be derived from the sulfonic
acid-modified peptide T28 (m/z 2223) were
not detected and, therefore, this indicates
that the 50 kDa protein band does not con-
tain the irreversibly oxidized form of PTP1B.
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whether PTPs are indeed regulated by cellular ROS,
several experimental approaches have been developed.
For example, measurement of enzymatic activity in
total lysates showed a significant loss of overall PTP
activity in cells stimulated with H,O, [36,37] or in
response to physiological ligands that triggered intrin-
sic ROS production [17]. These results suggest that
endogenous PTPs might be regulated in a redox-depen-
dent manner. Moreover, susceptibility to labeling with
an alkylating agent, which reacts with the catalytic Cys
of reduced PTPs but not with oxidized PTPs, was used
to measure the extent to which PTPs become oxidized,
as in the case of epidermal growth factor-induced
oxidation of PTPIB [38] or T cell antigen receptor-
induced oxidation of the SH2 domain-containing
phosphatase SHP-2 [39]. In addition, the differential
sensitivity of oxidized and reduced PTPs to iodoacetic
acid was also used as the basis for a modified in-gel
phosphatase activity assay. For this assay, only the
non-alkylated, reversibly oxidized PTPs have the
potential to refold in the gel in the presence of dithio-
threitol and recover their activity, which is visualized
by dephosphorylation of a ?P-labeled substrate con-
tained within the gel [40]. The application of this
method revealed that SHP-2 was reversibly oxidized in
Rat-1 cells exposed to platelet-derived growth factor
[19] and that two non-receptor PTPs, namely PTP1B
and TC-PTP, were susceptible to reversible oxidation
in insulin-stimulated cells [18]. In addition, the result
of in-gel phosphatase activity assays demonstrated that
several PTPs were reversibly oxidized by irradiation of
A431 cells with UV light [41]. Overall, the oxidation of
each of the different PTP sub-types, receptor-like PTPs
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Fig. 10. Determination of relative ratio of various oxidized forms and reduced form of PTP1B in HepG2 and A431 cells. (A) Densitometric
analysis of the protein bands obtained by Coomassie Blue staining afforded an estimate of the relative amount of the 52 (higher band) and
50 kDa (lower band) forms of PTP1B in FG6 immunocomplexes isolated from HepG2 and A431 cells, as described in Figs 6 and 7, respec-
tively. The 52 kDa protein, which represented 43% of the total population of PTP1B in HepG2 cells and 38% in A431 cells, consisted of
PTP1B with irreversibly oxidized modifications of its catalytic Cys. The 50 kDa protein was subjected to analysis that determined the relative
proportion between reversibly oxidized form and reduced form of PTP1B in HepG2 and A431 cells. The calibration curve obtained in (B) was
used to convert the ratio of MS intensity between T28-Cys-SH and T28-Cys-CAM (Figs 6A and 7A, lower panel) into the molar ratio between
the reversibly oxidized and the reduced forms of endogenous PTP1B, respectively. (B) A peptide (designated by T28s) with the sequence of
the T28 tryptic peptide of PTP1B was synthesized by a solid phase method and the purity (> 95%) was confirmed via MALDI-TOF-MS and
ESI-MS analysis (data not shown). In order to carbamidomethylate T28s, excess iodoacetamide (5 mm) was reacted with the peptide (1 pm)
at 37 °C for 1 h. The standard solution was prepared by mixing the reduced (Cys-SH) and the carbamidomethylated (Cys-S-CAM) T28s in the
molar ratios: 1:0.125, 1:0.25, 1:05, 1:1,1:2,1:4 and 1:8, as shown on the x-axis in the figure. All samples were subjected to
MALDI-MS analysis. The peaks of m/z 2175 and m/z 2232 on the spectrum were quantitated for calculating the MS intensity ratio between
Cys-SH and Cys-S-CAM, as shown on the y-axis in the figure. The same operation was repeated three times to obtain a reliable calibration
curve.

[42], non-transmembrane classical PTPs [19], dual spec-
ificity phosphatases [16], and the low M, PTP [43] has
been demonstrated in various cell types. Together,
such data suggest that the controlled production of cel-
lular ROS may play a critical role in the inhibition of
endogenous PTP activity, via modifications of the cata-
lytic Cys residue, and in the regulation of tyrosine
phosphorylation-dependent signaling.

Although the various methods described above allow
identification of those PTPs that are oxidized in a

cellular environment, they do not provide information
on the extent of oxidation. Our MS-based strategy
(summarized in Fig. 2) is a highly senstitive method
capable of differentiating various states of oxidation of
the catalytic Cys in PTPs. When used in conjunction
with the above assays, it can generate a complete analy-
sis of the oxidation of specific PTPs. Through applica-
tion of this method, we have demonstrated that there
is extensive oxidation of the catalytic Cys residue
of endogenous PTPIB in response to ROS produced
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Fig. 11. Treatment of HepG2 and A431 cells with DPI led to reduc-
tion and reactivation of endogenous PTPs. For the experiments
shown in (A) and (B), cells were plated in 10% fetal bovine serum-
containing medium for 16 h, followed by treatment with DPI
(Merck) in the serum-free medium for additional 8 h. (A) The Am-
plex Red was used to determine the level of H,O, released from
cells cultured in the absence or presence (10 or 25 pwm) of DPI.
Data are shown are the mean + SE from triplicate experiments. (B)
Cells were lysed in the presence of 100 mm iodoacetamide. An ali-
quot of total lysate (25 pg) was subjected to an in-gel phosphatase
activity assay or to immunoblotting with anti-actin serum. The
arrowheads indicate the 115, 50 and 45 kDa PTPs for which revers-
ible oxidation was decreased in the presence of DPI.

constitutively by HepG2 and A431 human cancer cells,
which led to enzymatic inactivation of PTP1B. Remark-
ably, up to ~ 50% of the endogenous PTP1B protein in
A431 cells, and ~ 25% in HepG2 cells, was subjected to
reversible oxidation and inactivation, indicating the
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Fig. 12. ROS produced constitutively by HepG2 cells are essential
for inactivation of endogenous PTP1B, tyrosine phosphorylation of
cellular proteins and anchorage-independent cell growth. For experi-
ments shown in (A) and (B), HepG2 cells were plated in 10% fetal
bovine serum-containing medium for 16 h, followed by treatment
with DPI in serum-free medium for additional 8 h. (A) Cells were
lysed in the presence of 100 mm iodoacetamide. An aliquot of total
lysate (1 mg) was incubated with FG6 antibody (5 pug) for immuno-
precipitation of endogenous PTP1B. The immunocomplex was sub-
jected to an in-gel PTP activity assay. The arrowhead indicates the
position of 50 kDa PTP1B in an SDS/PAGE gel. (B) An aliquot of total
lysate (25 pg) obtained from DPI-treated HepG2 cells, was subjected
to immunoblotting with anti-pTyr or anti-actin sera. Arrowheads indi-
cate cellular proteins for which the tyrosine phosphorylation level
was decreased concomitant with an increase of DPI concentration.
(C) HepG2 cells were seeded at 1.5 x 10° per well in culture medium
with 0.3% agar in a 60-mm dish. Cells were maintained in the
complete culture medium containing 10 um DPI for 2 weeks. The
colonies larger than 50 um in diameter were counted under a micro-
scope. Data shown are the mean + SE from triplicate samples in a
representative experiment. Similar results were observed in three
independent experiments. The results shown in the right panel illus-
trate the images of representative colonies of HepG2 cultured in the
absence (NT) or presence (+DPI) of DPI.
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potential importance of this redox-dependent process in
controlling the function of PTPIB, and presumably
other PTPs, in the regulation of cell signaling. Indeed,
our data indicate that the inhibition of ROS production
by treatment of HepG2 cells with the Nox inhibitor
DPI led to reduction and reactivation of PTPs,
decreased tyrosine phosphorylation of cellular proteins
and suppression of anchorage-independent growth.

Our implementation of this MS-based analysis
revealed that the oxidation-induced Cys modification is
a highly specific event. Data obtained from the analy-
sis of H,O,-treated recombinant, C-terminally-trun-
cated PTP1B demonstrated both the reversible and
irreversible oxidation of the catalytic Cys215 (Fig. 3).
By contrast, the other five Cys residues in PTPIB
remained in the reduced state even when a high con-
centration of H,O, was applied. Consistent with the
results of in vitro experiments, we observed that only
the catalytic Cys215, but not other Cys residues, of the
endogenous PTP1B was oxidized by intracellular ROS
in HepG2 and A431 cells (Figs 6 and 7). Therefore,
our data illustrate that the low pKao characteristic,
which is contributed by the unique architecture of the
active site of PTPs, is essential for the catalytic Cys
residue to be targeted by ROS. Those Cys residues
with a normal pKo were resistant to oxidation even
when PTPs were exposed to high concentrations of
ROS in a transformed cell.

As revealed by the in-gel phosphatase activity assay
(Fig. 1), our results showed that ROS selectively target
a subset of cellular PTPs, rather than non-specifically
oxidizing PTPs in general. In addition to PTP1B that
has been characterized in the present study, two more
PTPs were also reversibly oxidized in HepG2 and A431
cells. Our preliminary data suggest that the 115 and
45 kDa phosphatases are PTP-PEST and TC-PTP,
respectively (Y. W. Lou and T. C. Meng, unpublished
results). The mechanism underlying the specificity of
PTP oxidation remains unclear. One possibility is local-
ized production of ROS, so that only PTPs located near
the sources of ROS production would have the potential
to be oxidized. In addition to Nox enzymes, which are
located either on plasma membranes [44] or associated
with internal membranes [45], mitochondria also con-
tribute to ROS production in cells [46]. Recent studies
have demonstrated that ROS produced by Nox enzymes
[7,47] or in the mitochondria [48,49] may play an impor-
tant role in the regulation of signaling events. It will be
important to explore the exact sources of ROS that are
responsible for oxidizing this subgroup of endogenous
PTPs in HepG2 and A431 cells. Further investigations
that characterize the regulation of the subcellular locali-
zation of PTP1B, PTP-PEST and TC-PTP would be
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helpful in revealing the underlying mechanisms contrib-
uting to the specificity of PTP oxidation in those cells.

It is likely that, due to their close proximity to
plasma membrane-associated Nox enzymes, receptor-
like PTPs (RPTPs) might be exposed to sources of
ROS, and thus may be inactivated through an oxida-
tion-dependent mechanism in cells. Consistent with
this hypothesis, it has been reported that RPTPs are
susceptible to oxidation [42,50,51]. Furthermore, it was
shown that the invariant Cys residue in the D2 domain
of RPTPs displays enhanced sensitivity compared to
that in the D1 domain, and may function as a redox
sensor [50,51]. However, it is important to note that
we did not observe reversible oxidation of high M,
PTPs (> 120 kDa in the SDS/PAGE gels, where most
RPTPs would be detected; Fig. 1). A previous study
documented that RPTPs were unable to refold prop-
erly in the gel-based matrix, and therefore are unable
to adopt an active conformation when examined by
the in-gel phosphatase assay [52]. However, we antici-
pate that it may be possible to analyze the redox state
of a given RPTP in an immunocomplex by combining
chemical labeling with MS-based analysis.

Our MS results also revealed that cellular ROS not
only induce reversible oxidation, but also trigger irre-
versible oxidation of PTP1B. Intriguingly, a significant
fraction (> 30%) of PTP1B in HepG2 and A431 cells
was in a permanently inactive state (Fig. 8). Further-
more, we observed that the relative amount of the
52 kDa form of PTPIB remained constant in HepG2
cells treated with DPI for 8 h, compared to that in
untreated, control HepG2 cells (Y. W. Lou and
T. C. Meng, unpublished results), suggesting that irre-
versibly oxidized PTPIB, similar to the unmodified
protein, displayed a long half-life. This is consistent
with the observation that higher order oxidation does
not induce significant changes in overall structure
[12,14], and any subtle change of conformation at the
active site is not sufficient to trigger the cellular
machinery for rapid degradation of such irreversibly
oxidized forms of PTPI1B. Although human cancer
cells, such as hepatoma cells, express high levels of glu-
tathione [53] that may facilitate reduction and reactiva-
tion of reversibly oxidized PTPs, apparently there are
sufficient levels of constitutively produced ROS to
result in the eventual terminal oxidation of a portion
of the pool of PTPs. The present study demonstrates
that irreversible oxidation of endogenous PTPs indeed
occurs in response to cellular ROS. Thus, the highly
oxidized and permanently inactivated forms of these
PTPs may not be merely irrelevant products triggered
by oxidative reactions in vitro. It has been reported
that highly oxidized PTPs may function as substrate
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traps [54]; however, in preliminary studies, we did not
find the sulfonic acid form of PTPIB to be associated
with any phosphoproteins in pervanadate-treated
HepG2 cell lysates (data not shown). Further investi-
gations are needed to delineate the exact role of such
irreversibly oxidized PTPs in the control of tyrosine
phosphorylation-dependent signaling.

In summary, the present study employed an
MS-based analysis to quantitate the oxidation status of
the active site Cys residue of endogenous PTPIB in
HepG2 and A431 cells. We have shown that oxidation
of PTP1B occurs to high stiochiometry; however, this
covalent modification is specific to the active site Cys
residue, emphasizing its potential as a mechanism for
regulation of cell signaling, rather than a consequence
of non-specific damage induced by ROS. Furthermore,
we have demonstrated that treatment of these cells with
DPI, which inhibits ROS production, inhibits reversible
oxidation and inactivation of the PTPs, concomitant
with decreased levels of tyrosine phosphorylation and
inhibition of the transformed phenotype. It is interest-
ing to note that, although the number of large HepG2
cell colonies was significantly decreased in response to
DPI treatment (Fig. 10C), when the total number of
colonies in the soft agar medium was counted regardless
of size, we observed only a marginal difference between
samples growing in the absence or presence of DPI after
2 weeks of incubation (data not shown). Thus, our
results suggest that redox regulation of PTPs may be an
important element in the control of cell proliferation,
rather than survival, for maintaining the transformed
phenotype of some cancer cells. It has been reported
previously that, similar to HepG2 and A431 cells, vari-
ous other cancer cells constitutively produce high levels
of ROS. It will be intriguing to identify the redox status
of PTPs in those cell types by application of this
MS-based analysis to address how broadly the oxida-
tion and inactivation of PTPs contributes to abnormal
signaling events in cancer cells. Furthermore, we pro-
pose that the MS-based method can be used to identify
and characterize the redox status of enzymes across the
PTP superfamily under various physiological and patho-
physiological conditions. Such information will be
essential for us to gain insight into the important func-
tion of PTPs in the control of a diverse array of signal
transduction pathways.

Experimental procedures

In vitro oxidation of PTP1B

The C-terminally-truncated, 37 kDa form of human
PTPIB was purified to homogeneity as described previ-
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ously [55]. PTPIB at a concentration of 3 uMm in degassed
buffer (20 mm Hepes pH 7.5, 1% NP-40, 150 mm NaCl,
10% glycerol, 20 um dithiothreitol) was treated with
H,0, for 10 min. The oxidation reaction was stopped by
addition of recombinant catalase (Merck, Whitehouse Sta-
tion, NJ, USA). The oxidized PTP1B was subsequently
reacted with 100 mMm iodoacetamide (Sigma-Aldrich,
Munich, Germany) at 25°C for 30 min in the dark.
Excess iodoacetamide was then removed by gel filtration
on a PD-10 desalting column (Amersham Biosciences,
Orsay, France). For analysis with antibody to the termi-
nally oxidized form of PTP1B, purified recombinant pro-
tein was either left untreated, or reacted with 200 pum
H,0, at room temperature for 10 min. The reaction was
terminated by addition of gel loading buffer, and samples
were subjected to reducing SDS/PAGE and immunoblot-
ted with mouse anti-(oxidized PTP active site) serum
(clone 335636, purchased from R&D Systems, Inc.,
Minneapolis, MN, USA).

Cell culture

Cells were routinely maintained in DMEM (Invitrogen,
Karlsruhe, Germany) supplemented with 10% fetal bovine
serum (HepG2, A431, HelLa and Caco-2) or 10% calf
serum (Rat-1 and NIH3T3). For measurement of ROS lev-
els, cells were seeded in 96-well plates at 1.5 x 10* cells per
well and incubated overnight prior to analysis. For in-gel
phosphatase activity assay, immunoblotting and immuno-
precipitation, cells were seeded at a density of 1 x 107 cells
per 15-cm plate for 48 h in complete medium, followed by
serum deprivation for 16 h prior to cell lysis.

Measurement of ROS level

Prior to measurement, cells were washed once with serum-
free Krebs-Ringer phosphate glucose buffer (KRPG:
145 mm NaCl, 5.7 mM sodium phosphate pH 7.35,
4.86 mMm KCl, 0.54 mm CaCl,, 1.22 mm MgSQ,4, 5.5 mMm
glucose). Cells were incubated with reaction mixture con-
taining 50 uM  Amplex Red reagent (Invitrogen) and
0.1 UmL™" horseradish peroxidase in serum-free KRPG
buffer at 37 °C for different time periods, as indicated in
the figures. The intensity of H,O»-induced fluorescence was
quantitated by a fluorescence microplate reader (Beckman
Coulter, Fullerton, CA, USA) with excitation at 530 nm
and emission at 620 nm.

In-gel PTP activity assay

This method was originally described by Burridge and Nel-
son [52], and then modified by Meng and Tonks [40,56].
Briefly, cells were harvested under anaerobic conditions
(lysis buffer degassed using 30 in-Hg vacuum for 30 min
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and supplemented with 100 pgmL™' catalase and
100 pgmL™" superoxide dismutase; Sigma-Aldrich). Sam-
ples from various sources were applied to a 10% SDS-gel
cast to contain **P-labeled poly(Glu : Tyr),., as substrate
(1.5 x 10°cpm per 20 mL of gel solution, ~ 2 pM pTyr).
Following electrophoresis, the gel was placed sequentially
in buffers for fixation, denaturation and renaturation. Dur-
ing the last wash with renaturation buffer overnight, 3 mm
dithiothreitol was included to reduce and activate those
PTPs that had become oxidized, thus leading to dephos-
phorylation of substrate immediately surrounding the area
occupied by the phosphatase in the gel. The reaction was
terminated with staining solution containing Coomassie
Blue. After destaining, the gel was dried and then exposed
to X-ray film.

Immunoprecipitation of endogenous PTP1B

All buffers were degassed prior to use. Cells were rinsed
with NaCl/Pi, then lysed in ice-cold lysis buffer (50 mm
Hepes pH 7.5, 1% NP-40, 150 mm NaCl, 10 mm NaF,
10% glycerol, 10 mM Nay4P,0O;, 0.1 U-uL_1 catalase,
0.1 UuL™"  superoxide dismutase, protease inhibitors
100 mM iodoacetamide). An aliquot of lysate (in total
~ 35 mg for each immunoprecipitation) was incubated with
~ 30 pg of antibody FG6 conjugated to protein A-Sepha-
rose (Amersham Biosciences) at 4 °C for 7 h. This reaction
led to the complete immunodepletion of PTP1B from ly-
sates (data not shown). The immunecomplexes were washed
five times with ice-cold, degassed lysis buffer. Proteins were
extracted from Sepharose beads by SDS/PAGE gel loading
buffer containing 650 mM B-mercaptoethanol, which
reduced those PTPIB molecules that had been reversibly
oxidized in cells. The extracted proteins were boiled and
then subjected to SDS/PAGE. For analysis with antibody
to the terminally oxidized form of PTP1B, A431 cells were
serum starved for 16 h then lysed in the ice-cold, degassed
lysis buffer. An aliquot of total lysate (1.5 mg) was incu-
bated with 5 mg rabbit anti-PTP1B serum (#AF1366; R&D
Systems, Inc.), which had been conjugated to protein
A-sepharose (Amersham Biosciences), at 4 °C for 3 h. The
immunocomplexes were washed three times with the
degassed lysis buffer, then immunoblotted with anti-(oxi-
dized PTP active site) serum (clone 335636; R&D Systems,
Inc.) or mouse anti-PTP1B serum FG6.

In-gel digestion with trypsin or endoproteinase
Arg-C

The protein band of interest was manually excised from an
SDS-gel and repeatedly destained in acetonitrile until the gel
slice became colorless. The processed gel slices were then
dried by speed vacuum. In-gel digestion was performed by
adding trypsin (Promega, Madison, WI, USA) or endo-
proteinase Arg-C (Roche Applied Science, Mannheim,

MS analysis of PTP oxidation in cancer cells

Germany) in 25 mM ammonium bicarbonate buffer, followed
by incubation at 37 °C for 16 h with vortexing. The digested
peptides were then recovered from the gel by sequential
extractions with acetonitrile. All extracts were pooled and
dried for MALDI-MS and MS/MS analyses.

MALDI-MS and MS/MS analysis

MALDI-MS detection and MS/MS sequencing of peptides
were performed on either a Q-TOF Ultima™ MALDI
(Waters, Manchester, UK) or a 4700 Proteomics Analyzer
(Applied Biosystems, Framingham, MA, USA), both oper-
ated in reflectron positive ion mode. For data acquisition
on the Q-TOF mass spectrometer, proteolytic peptides were
mixed with a solution of a-cyano-4-hydroxycinnamic acid
(6 mgmL™") in 50% acetonitrile/0.1% formic acid prior to
spotting onto the 96-well format target plate. Data were
automatically processed by PGS software, release 2.1 (Mi-
cromass, Manchester, UK) and searched against SWISS-
PROT database using MAscoOT for protein identification
purposes, as described previously [57]. Raw data were fur-
ther processed manually using MASSLYNX, release 4.0 (Mi-
cromass) and examined in detail for identification of the
Cys-containing peptides. For data acquisition on the 4700
Proteomics Analyzer, the digested peptide samples were dis-
solved in 50% acetonitrile/0.1% formic acid and premixed
with a matrix solution of a-cyano-4-hydroxycinnamic acid
(5 mgmL™") in 70% acetonitrile/0.1% formic acid for spot-
ting onto the target plate. For collision-induced dissociation
MS/MS, the indicated collision cell pressure was increased
from 3.0 x 107® torr (no collision gas) to 5.0 x 107 torr,
with the potential difference between the source accelera-
tion voltage and the collision cell set at 1 kV. The resolu-
tion of timed ion selector for precursor ion was set at 200,
which would allow in a mass window of ~ 10 Da for pre-
cursors at m/z 2000. The mass and tandem mass spectra
were analyzed MAscoT (Matrix Science, London, UK; avail-
able at http://www.matrixscience.com). Parameters used for
queries were programmed so that trypsin-cleaved peptides,
peptides with one missed cleavage by trypsin, and peptides
containing various modifications, including Cys carbami-
domethylation, Met oxidation and Ser/Thr/Tyr phosphory-
lation, can be revealed. Peptides and MS/MS tolerance for
MALDI-TOF-TOF were set at 0.25 Da. Protein identifica-
tion was considered as significant if the MASCOT score was
higher than that of a random match at P < 0.05. MS/MS
spectral assignments for de novo sequencing and identifi-
cation of site-specific Cys oxidation were performed
manually.

Soft agar assay for anchorage-independent cell
growth

Trypsinized HepG2 cells were resuspended in culture
medium containing 0.3% agar (Difco, Sperks, MD, USA).
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For plating, 1.5 x 10? cells in 1 mL of suspension were laid
on the top of 4 mL of solidified culture medium containing
0.5% agar in a 60 mm dish. One day after plating, | mL of
complete culture medium containing 10% fetal bovine serum
in the presence or absence of 10 pm DPI was added per dish.
The medium was refreshed every 3 days. After 2 weeks of
incubation, culture medium was removed and 0.5 mL of
Crystal Violet (0.005%; Sigma-Aldrich) was added to each
plate to visualize cell colonies, which were then recorded by
photography using a phase-contrast microscope. Only those
colonies larger than 50 mm in diameter were counted.
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