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ABSTRACT: Catalase is a major effector in the defense of aerobic cells against oxidative stress. Recent
studies have shown that catalase activity is stimulated by the c-Abl and Arg tyrosine kinases. Little,
however, is otherwise known about the mechanisms responsible for catalase regulation. The present work
demonstrates that mouse cells deficient in both c-Abl and Arg exhibit increased catalase stability. The
results also show that catalase is subject to ubiquitination and degradation by the 26S proteosome.
Significantly, ubiquitination of catalase is dependent on c-Abl- and Arg-mediated phosphorylation of
catalase on both Y231 and Y386. In concert with these results, human 293 cells expressing catalase mutated
at Y231 and Y386 exhibit attenuated levels of reactive oxygen species when exposed to hydrogen peroxide.
These findings indicate that, in addition to stimulating catalase activity, c-Abl and Arg promote catalase
degradation in the oxidative stress response.

Normal aerobic metabolism is associated with the produc-
tion of reactive oxygen species (ROS)1 and, as a result,
damage to DNA, proteins, and lipids (1, 2). ROS production
has also been associated with the induction of apoptosis (3,
4). Studies have demonstrated that ROS-induced apoptosis
is p53-dependent (5, 6). Other work has shown that the p66shc

adaptor protein (6), the p85 subunit of phosphatidylinositol
3-kinase (5), and topoisomerase II are involved in the
apoptotic response to oxidative stress.

The ubiquitously expressed c-Abl nonreceptor tyrosine
kinase and the product of thec-abl-related gene (Arg) (7)
have been implicated in the cellular responses to oxidative
and other types of stress (8-11). Cytoplasmic c-Abl is
activated in cells exposed to hydrogen peroxide (H2O2) by
a mechanism dependent on protein kinase Cδ (9, 12).
Activation of c-Abl in response to oxidative stress is
associated with targeting of c-Abl to mitochondria, loss of
mitochondrial transmembrane potential, and release of cyto-
chromec (12, 13). Consistent with these findings, cells de-
ficient in c-Abl exhibit resistance to H2O2-induced apoptosis
and necrosis (12, 13). Other studies have demonstrated that
Arg is activated by oxidative stress and that H2O2-induced
apoptosis is attenuated in Arg-deficient cells (10). Moreover,

the available findings indicate that ROS induce c-Abl-Arg
heterodimers and that both c-Abl and Arg are necessary as
effectors in the apoptotic response to oxidative stress (14).

Catalase regulates intracellular ROS levels by converting
H2O2 to H2O and O2 in peroxisomes (15). However, the
mechanisms responsible for the regulation of catalase are
largely unknown. Recent studies have shown that c-Abl and
Arg phosphorylate catalase and thereby stimulate catalase
activity (16). The present studies demonstrate that c-Abl and
Arg also target catalase for destruction by the 26S proteo-
some. The results show that catalase is subject to ubiquiti-
nation by a mechanism dependent on c-Abl- and Arg-
mediated phosphorylation.

EXPERIMENTAL PROCEDURES

Cell Culture. Wild-type mouse embryo fibroblasts,c-abl-/-,
arg-/-, c-abl-/-arg-/- (17), and 293 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum (HI-
FBS), 2 mML-glutamine, 100 units/mL penicllin, and 100
µg/mL streptomycin. Cells were treated with cycloheximide
(Sigma), lactacystin (Calbiochem), MG132 (Peptide Institute,
Inc.), or L-buthionine sulfoxime (BSO; Sigma).

Immunoprecipitation and Immunoblot Analysis. Cell ly-
sates were prepared in lysis buffer (50 mM Tris-HCl, pH
7.5, 1 mM phenylmethanesulfonyl fluoride, 1 mM dithio-
threitol, 10 mM sodium fluoride, and 10µg/mL aprotinin,
leupeptin, and pepstatin A). Proteins were subjected to
immunoblot analysis with anti-catalase (Calbiochem), anti-
â-actin (Sigma), anti-Arg (10), anti-ubiquitin (Santa Cruz
Biotechnology), anti-Flag (M5, Sigma), anti-green fluores-
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cence protein (GFP; Clontech), anti-Myc (Santa Cruz Bio-
technology), or anti-P-Tyr (4G10; Upstate Biotechnology).
Soluble proteins were also subjected to immunoprecipitation
with anti-catalase (Sigma), anti-ubiquitin, anti-Myc, or anti-
Flag, and the resulting immunoprecipitates were analyzed
by immunoblotting. The antigen-antibody complexes were
visualized by chemiluminescence (ECL; Amersham Phar-
macia Biotech).

Vectors. Calatase cDNA sequences were amplified from
a HeLa cell library (Clontech) by polymerase chain reactions.
Flag-tagged human catalase (16) and catalase mutants were
constructed by cloning into the pcDNA3.1-based Flag vector.
All mutations were confirmed by DNA sequencing. pEGFP
(Clontech) and the other vectors were transfected into cells
in the presence of Lipofectamine (Life Technologies, Inc).
Cells were transduced with a retrovirus expressing Arg (17).

Pulse-Chase Experiments. 293 cells were transfected with
Flag-catalase, incubated for 18 h, and washed with methio-
nine-free DMEM. The cells were then incubated with me-
thionine-free DMEM containing 10µCi/mL [35S]methionine
(New England Nuclear) for 45 min, washed, cultured in
complete DMEM containing 10% HI-FBS, and harvested at
the indicated times. Immunoprecipitates were subjected to
SDS-PAGE and autoradiography.

In Vitro Degradation Assays. Flag-catalase DNAs were
incubated in the TNT T7 Quick coupled transcription/
translation system (Promega) supplemented with 0.4µCi/
µL [35S]methionine for 1 h. The35S-labeled Flag-catalase
protein was incubated in degradation mix (33% rabbit
reticulocyte lysate, 50 mM Tris-HCl, pH 8.0, 5 mM MgCl2,
2 mM dithiothreitol, 1 mM ATP, and 2 mM methionine) at
37 °C for the indicated times. In certain experiments, ATP
was substituted with 2 mM ATPγS (Calbiochem). The35S-
labeled proteins were analyzed by SDS-PAGE and auto-
radiography.

Measurement of Intracellular ROS LeVels. Cells were
treated with 0.3 mM BSO (Sigma) for 16 h and then
incubated with 5µM DCF-DA (Sigma) for 30 min at 37°C
in the dark. The cells were then incubated in the absence
and presence of 0.5 mM H2O2 for 30 min at 37 °C.
Fluorescence of oxidized DCF was measured at an excitation
wavelength of 480 nm and an emission wavelength of 525
nm by flow cytometry (Becton Dickinson). The geometric
mean obtained from 104 cells was used to calculate the
relative H2O2 concentration.

RESULTS

c-Abl and Arg Regulate Catalase Expression. To determine
whether c-Abl or Arg regulates catalase expression, lysates
from wild-type,c-abl-/-, andarg-/- cells were analyzed by
immunoblotting with anti-catalase. The results demonstrate
little, if any, effect of c-Abl or Arg deficiency on catalase
levels (Figure 1A, left). By contrast, catalase expression was
increased 2.8-3-fold in c-abl-/-arg-/- cells (Figure 1A, left).
Similar results obtained in two separate clones of
c-abl-/-arg-/- cells indicated that the increase in catalase
expression is not due to clonal variation (Figure 1A, left).
Moreover, the finding by Northern analysis that catalase
mRNA levels are similar in wild-type andc-abl-/-arg-/-

cells supported the involvement of a posttranscriptional
mechanism (data not shown). To confirm that the absence

of Arg is associated with increases in catalase, the
c-abl-/-arg-/- cells were transduced with a retrovirus
expressing Arg (Figure 1A, right). Compared toc-abl-/-arg-/-

cells expressing the empty vector, Arg expression was
associated with decreased levels of catalase (Figure 1A,

FIGURE 1: Catalase expression is regulated by c-Abl and Arg. (A)
Lysates from wild-type (WT),c-abl-/-, arg-/-, andc-abl-/-arg-/-

(clones 1 and 2) cells were analyzed by immunoblotting with anti-
catalase and anti-â-actin (left panel).c-abl-/-arg-/- cells were
infected with retroviruses expressing an empty vector or Arg. At
24 h after infection, lysates were analyzed by immunoblotting with
anti-catalase, anti-Arg, and anti-â-actin (right panel). (B) Wild-
type (WT) (]) and c-abl-/-arg-/- (0) cells were pulsed with
[35S]methionine, washed, and incubated for the indicated times.
Anti-catalase immunoprecipitates were analyzed by SDS-PAGE
and autoradiography (left panel). The intensity of the signals is
presented as the percentage (mean( SD of three experiments) of
catalase remaining over time relative to control at 0 h (right panel).
(C) 293 cells were cotransfected with Flag-catalase and the empty
vector (]), c-Abl (0), or Arg (4). At 24 h after transfection, the
cells were pulsed with [35S]methionine, washed, and incubated for
the indicated times. Anti-Flag immunoprecipitates were analyzed
by SDS-PAGE and autoradiography (left panel). The intensity of
the signals is presented as the percentage (mean( SD of three
experiments) of catalase remaining over time relative to the control
at 0 h (right panel).
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right). To assess the stability of catalase, wild-type and
c-abl-/-arg-/- cells were pulsed with [35S]methionine for
30 min and then chased for 0, 6, 12, and 24 h. The results
show that the stability of catalase is increased inc-abl-/-arg-/-,
as compared to wild-type, cells (Figure 1B, left). Densito-
metric scanning of the signals obtained in three experiments
demonstrated catalase half-lives of∼10.5 h in wild-type and
>24 h inc-abl-/-arg-/- cells (Figure 1B, right). To confirm
the effects of c-Abl and Arg on catalase stability, 293 cells
were transfected to express Flag-catalase and c-Abl or Arg.
Cotransfection of Flag-catalase and the empty vector resulted
in a half-life of >9 h (Figure 1C). By contrast, the half-life
of catalase was∼3 h when coexpressed with c-Abl or Arg
(Figure 1C). These results indicate that c-Abl or Arg regulates
catalase stability.

Catalase Is Subject to Ubiquitination and Proteosomal
Degradation. To determine if catalase stability is regulated
by the ubiquitin (Ub)-proteosome pathway, anti-catalase
immunoprecipitates from wild-type cells were analyzed by
immunoblotting with anti-Ub. The results show anti-Ub
reactivity over a range of different electrophoretic mobilities
(Figure 2A, left). By contrast, similar studies inc-abl-/-arg-/-

cells demonstrated a substantial decrease in anti-Ub reactivity
(Figure 2A, left). As a control, immunoprecipitation of

catalase was comparable from the wild-type andc-abl-/-arg-/-

cells (Figure 2A, left). In the reciprocal experiment, immu-
noblot analysis of anti-Ub immunoprecipitates with anti-
catalase demonstrated a higher level of ubiquitinated catalase
in wild-type as compared toc-abl-/-arg-/- cells (Figure 2A,
right). To determine if catalase is subject to proteosomal
degradation, studies were performed with the proteosomal
inhibitor, lactacystin. Treatment of wild-type cells with
lactacystin was associated with an increase in catalase levels
(Figure 2B). Lactacystin treatment ofc-abl-/-arg-/- cells
was also associated with an increase in catalase levels, but
to a lesser extent (Figure 2B). Lactacystin increased the half-
life of catalase in 293 cells expressing Flag-catalase and
c-Abl (Figure 2C). MG132, another proteosome inhibitor,
also increased the half-life of catalase in cells (Figure 2C).
Similar results were obtained with lactacystin and MG132
when Flag-catalase was coexpressed with Arg (data not
shown). In an in vitro Ub-proteosome system,35S-labeled
Flag-catalase was degraded at a half-life of approximately 3
h (Figure 2D). As a control, degradation was inhibited when
ATPγS was substituted for ATP to prevent ubiquitination
(Figure 2D). Degradation of catalase was also blocked when
MG132 was added to the reaction (Figure 2D). These
findings indicate that catalase is targeted for degradation by

FIGURE 2: c-Abl and Arg regulate catalase stability and ubiquitination. (A) Wild-type andc-abl-/-arg-/- cells were treated with 10µg/mL
MG132 for 4 h. Cell lysates were analyzed by immunoblotting with anti-catalase, normalized for catalase levels, and then subjected to
immunoprecipitation with anti-catalase (left panel) or anti-Ub (right panel). Immunoprecipitations were performed with IgG as a control.
The immunoprecipitates were analyzed by immunoblotting with anti-Ub or anti-catalase. (B) Wild-type andc-abl-/-arg-/- cells were
incubated in the absence and presence of 10µM lactacystin for 8 h. Lysates were subjected to immunoblotting with anti-catalase and
anti-â-actin. (C) 293 cells were cotransfected to express Flag-catalase and c-Abl. At 12 h after transfection, cells were treated with 50
µg/mL cycloheximide (]) or cycloheximide with 10µM lactacystin (0), 10 µM MG132 (×), or, as a control for MG132, DMSO (4) for
the indicated times. Lysates were analyzed by immunoblotting with anti-catalase (left panel). The intensity of the signals was determined
by densitometric scanning. The results are presented as the percentage (mean( SD of three experiments) of catalase remaining over time
relative to control (right panel). (D) In vitro translated35S-labeled Flag-catalase was incubated in degradation mix for the indicated times
(]). Reactions were performed in which ATPγS was substituted for ATP (O) or in the presence of 10µM MG132 (0). The degradation
products were analyzed by SDS-PAGE and autoradiography (left panel). The intensity of the signals is presented as the percentage (mean
( SD of three experiments) of catalase remaining over time relative to control (right panel).
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the Ub-proteosome pathway and that this process is
regulated by c-Abl and Arg.

Ubiquitination and Degradation of Catalase Are Regulated
by c-Abl/Arg Phosphorylation. To assess tyrosine phos-
phorylation of endogenous catalase in vivo, anti-catalase
immunoprecipitates from wild-type andc-abl-/-arg-/- cells
were analyzed by immunoblotting with anti-P-Tyr. The
results demonstrate tyrosine phosphorylation of catalase in
wild-type, but notc-abl-/-arg-/-, cells (Figure 3A). On the
basis of the finding that catalase is phosphorylated on Y231
and Y386 by c-Abl and Arg (16), anti-Flag immunoprecipi-
tates from cells expressing c-Abl and Flag-catalase mutated
at Y231 or Y386 were analyzed for tyrosine phosphoryl-
ation and ubiquitination. Immunoblot analysis of anti-Flag
immunoprecipitates with anti-P-Tyr demonstrated that c-Abl-
mediated phosphorylation and ubiquitination of catalase are
decreased by mutation of Y231 to F (Figure 3B, left).
Decreases in tyrosine phosphorylation and ubiquitination
were also observed with the catalase(Y386F) mutant (Figure
3B, left). Similar findings were obtained for Arg-mediated
phosphorylation of wild-type catalase and the Yf F mutants
(data not shown). Immunoblot analysis of the anti-Flag

immunoprecipitates with anti-Ub confirmed that ubiquitina-
tion of catalase(Y231F) and catalase(Y386F) is substantially
decreased compared to that of wild-type catalase (Figure 3B,
right). Moreover, ubiquitination of wild-type Flag-catalase
was increased by c-Abl, while c-Abl had little effect on
ubiquitination of the catalase mutants (Figure 3B, right). In
concert with these findings, expression of catalase(Y231F)
and catalase(Y386F) was higher than that found for wild-
type catalase (Figure 3C). In addition, the stability of catalase
was increased by the Y231F or Y386F mutations (Figure
3D). Thus, the half-life of Flag-catalase was 3 h, while Flag-
catalase(Y231F) and Flag-catalase(Y386F) had half-lives of
>9 h (Figure 3D). These results demonstrate that tyrosine
phosphorylation of catalase by c-Abl and Arg regulates
catalase ubiquitination and degradation.

Intracellular ROS LeVels Are Regulated by c-Abl/Arg-
Mediated Catalase Degradation. To determine whether ROS
levels are regulated by c-Abl/Arg-mediated catalase turnover,
cells were treated with 0.5 mM H2O2 and monitored for
oxidation of the fluorochrome DCF-DA. In this regard,
treatment with>1.0 mM H2O2 decreases the interaction of
catalase with c-Abl/Arg (16). Expression of c-Abl was

FIGURE 3: c-Abl-mediated phosphorylation regulates catalase ubiquitination and degradation. (A) Anti-catalase immunoprecipitates from
wild-type andc-abl-/-arg-/- cells were analyzed by immunoblotting with anti-P-Tyr. IgG immunoprecipitates were analyzed as controls.
(B) Lysates from 293 cells expressing c-Abl and Flag-catalase or the indicated mutants were analyzed by immunoblotting with anti-
catalase, normalized for the amount of catalase, and then subjected to immunoprecipitation with anti-Flag or IgG. The immunoprecipitates
were analyzed by immunoblotting with anti-P-Tyr (left panel), anti-Ub (right panel), or anti-Flag. (C) 293 cells were transfected with
Myc-c-Abl, GFP, and Flag-catalase or the indicated mutants. Lysates were analyzed by immunoblotting with anti-Flag and anti-GFP. (D)
293 cells expressing c-Abl and Flag-catalase (0), Flag-catalase(Y231F) (O), or Flag-catalase(Y386F) (4) were pulsed with [35S]methionine
and chased for the indicated times. Anti-Flag immunoprecipitates were analyzed by SDS-PAGE and autoradiography (left panel). The
intensity of the signals is presented as the percentage (mean( SD of three experiments) of catalase remaining over time relative to control
(right panel).
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associated with substantially higher ROS levels (Figure 4A).
Similar findings were obtained in cells expressing Arg
(Figure 4A). Intracellular ROS levels were also higher in
cells expressing c-Abl and wild-type catalase but not
catalase(Y231F) (Figure 4B). Moreover, ROS levels were
attenuated in H2O2-treated cells expressing c-Abl and
catalase(Y386F) (Figure 4B). As a control, expression of
catalase mutated at Y280 had no effect on ROS levels (Figure
4B, right). To show that catalase turnover is relevant for its
function in mediating oxidative stress, wild-type cells were
treated with H2O2 in the presence and absence of lactacystin.
The H2O2-induced decrease in catalase levels was attenuated
by lactacystin (Figure 4C, left). Importantly, lactacystin
treatment was also associated with lower intracellular ROS
levels (Figure 4C, right). These findings collectively dem-
onstrate that c-Abl/Arg-mediated phosphorylation of catalase
regulates intracellular ROS levels.

DISCUSSION

Regulation of Catalase in the Response to OxidatiVe Stress.
Aerobic cells require defense mechanisms against the
substantial amount of oxygen that is reduced by the mito-

chondrial respiratory chain and converted to H2O2 (18).
Surprisingly, little is known about how catalase, a major
effector of that defense, is regulated in the response of cells
to oxidative stress. The present findings provide new insights
regarding the regulation of catalase. Our results show that
c-Abl/Arg-mediated phosphorylation of catalase on both
Y231 and Y386 is required for its ubiquitination and thereby
degradation by the 26S proteosome (Figure 4D). On the basis
of these findings, c-Abl- or Arg-mediated degradation of
catalase would be predicted to abrogate this major defense
against accumulation of H2O2 and amplify ROS-induced
apoptosis and/or necrosis. Indeed, the present results show
that expression of c-Abl or Arg is regulated by intracellular
ROS levels. Moreover, expression of catalase with mutations
at Y231 or Y386, but not wild-type catalase, attenuated the
higher ROS levels associated with H2O2 exposure. Attenu-
ation of H2O2-induced catalase turnover by inhibition of
proteosomal degradation was also associated with lower ROS
levels. These results collectively provide support for a model
in which c-Abl- and/or Arg-mediated phosphorylation of
catalase on both Y231 and Y386 is necessary for its
degradation and thereby control of intracellular oxidant levels

FIGURE 4: Intracellular oxidant levels are regulated by c-Abl/Arg-mediated catalase degradation. (A) 293 cells were transfected with 4µg
of vector, c-Abl, or Arg and 0.2µg of pDSred. (B) 293 cells were transfected with 1µg of Myc-c-Abl, 4 µg of Flag-catalase or the
indicated mutants, and 0.2µg of pDSred. At 12 h after transfection, cells were treated with 0.3 mM BSO for 16 h to inhibit glutathione
peroxidase, incubated with DCF-DA, and then exposed to 0.5 mM H2O2 for 30 min. pRSred cells were analyzed by flow cytometry for
oxidized DCF (left panel). The data (geometric mean( SE for three experiments) are presented as the relative H2O2 concentration compared
to that obtained for control cells (right panel). (C) Wild-type mouse fibroblasts were incubated in the absence and presence of 10µM
lactacystin for 4 h, and then 3 mM BSO was added to the medium for 8 h. The cells were stained with DCF-DA and then treated with 0.5
mM H2O2 for 30 min. Lysates were subjected to immunoblot analysis with anti-catalase and anti-â-actin (left panel). Cells were analyzed
by flow cytometry for oxidized DCF (right panel). (D) Schematic representation of the proposed dual ROS-mediated anti-apoptotic and
pro-apoptotic regulation of catalase by c-Abl and Arg.
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(Figure 4D). The effects of the Y231 and/or Y386 mutations
on the tertiary structure of catalase (19) may thus provide
further insights regarding the regulation of this important
effector of redox balance.

Dual Regulation of Catalase by c-Abl/Arg. c-Abl and Arg
are activated in response to oxidative stress (9, 12, 13).
Moreover, ROS induce c-Abl-Arg heterodimers, and both
c-Abl and Arg are necessary as effectors in the apoptotic
response to oxidative stress (14). At lower ROS levels,
catalase activity is stimulated by c-Abl/Arg-mediated phos-
phorylation of Y231 and Y386 (16) (Figure 4D). In the event
that ROS levels continue to increase, c-Abl and Arg
dissociate from catalase (14), and catalase activity is
decreased by (1) tyrosine phosphatases that dephosphorylate
Y231-P and/or Y386-P or (2) targeting of phosphorylated
catalase for ubiquitination. Proteosomal degradation of
ubiquitinated catalase results in increased ROS levels and
cell death by apoptosis or necrosis (Figure 4D). The available
findings thus support a model in which c-Abl/Arg function
in protecting cells from oxidative stress by stimulating
catalase activity (14) and, in the event of uncontrollable ROS
levels, c-Abl/Arg induce catalase degradation and thereby
cell death (Figure 4D). These findings provide the first
evidence that regulation of the constitutive half-life of
catalase by c-Abl and Arg represents a mechanism for
controlling catalase levels and redox balance.
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