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Abstract—The anaphase-promoting complex (APC) is a ubiquitin-protein ligase (E3) that targets cell cycle regulators

such as cyclin B and securin for degradation. The APC11 subunit functions as the catalytic core of this complex and

mediates the transfer of ubiquitin from a ubiquitin-conjugating enzyme (E2) to the substrate. APC11 contains a RING-

H2–finger domain, which includes one histidine and seven cysteine residues that coordinate two Zn2+ ions. We now

show that exposure of purified APC11 to H2O2 (0.1 to 1 mM) induced the release of bound zinc as a result of the

oxidation of cysteine residues. It also impaired the physical interaction between APC11 and the E2 enzyme Ubc4 as well

as inhibited the ubiquitination of cyclin B1 by APC11. The release of HeLa cells from metaphase arrest in the presence of

exogenous H2O2 inhibited the ubiquitination of cyclin B1 as well as the degradation of cyclin B1 and securin that were

apparent in the absence of H2O2. The presence of H2O2 also blocked the co-immunoprecipitation of Ubc4 with APC11

and delayed the exit of cells from mitosis. Inhibition of APC11 function by H2O2 thus likely contributes to the delay in

cell cycle progression through mitosis that is characteristic of cells subjected to oxidative stress. Published by Elsevier

Inc.
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INTRODUCTION

Ubiquitin-dependent proteolysis contributes to the pre-

cise control of cell cycle progression through mitosis by

eliminating critical regulatory proteins [1–3]. The ana-

phase-promoting complex (APC), also known as the

cyclosome, is an E3 ubiquitin-protein ligase that governs

key events in mitosis, including the metaphase–anaphase

transition and mitotic exit, by assembling multiubiquitin

chains on mitotic regulators, thereby targeting them for

destruction by the 26S proteasome. At the metaphase–

anaphase transition, the APC initiates the separation of
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sister chromatids by catalyzing the ubiquitination of

securin in the securin–separase complex [4]. The degra-

dation of ubiquitinated securin then results in the liber-

ation of separase, which cleaves a subunit of the cohesin

complex and thereby triggers sister chromatid separation

[5–7]. Exit of cells from mitosis requires the APC-

mediated ubiquitination and destruction of B-type cyclins

complexed with Cdc2, which results in inactivation of

the kinase activity of Cdc2 [3,8,9].

Conjugation of ubiquitin to a substrate protein is a

multistep process mediated by a ubiquitin-activating

enzyme (E1), a ubiquitin-conjugating enzyme (Ubc or

E2), and a ubiquitin-protein ligase (E3) [10–12]. Ubiq-

uitin is first activated by formation of a thiol–ester

linkage with an E1 and is then transferred to an E2.

The E3 transfers ubiquitin from the E2 to the substrate

protein by promoting the formation of an isopeptide bond

between the ubiquitin and a lysine of the target protein

(or of another ubiquitin molecule that has already been
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linked to the target). The E3 thus interacts with both its

cognate substrate and a specific E2.

On the basis of sequence homology and biochemical

properties, E3 enzymes have been classified into those

that contain a HECT (homologous to the E6-AP carboxyl

terminus) domain and those that contain a RING (really

interesting new gene) finger [13–15]. HECT-type E3s

transfer ubiquitin to the target protein after forming an

E3–ubiquitin thioester intermediate. In contrast, RING-

finger–type E3s likely do not form such an intermediate

but facilitate the transfer of ubiquitin directly from the E2

to the substrate. The RING-finger domains of E3s

contain two zinc ions and serve as the catalytic core that

forms part of the binding site for the E2 [16–18]. The

RING-finger–type E3s are a diverse group of enzymes

that include the APC [19–22], the Skp1–cullin1–F-box

protein (SCF) complex [23–27], Siah [28,29], and RNF5

[30].

To date, the APC has been found to consist of 11 and

10 subunits in human and yeast, respectively [19,21].

APC11, which contains the zinc-coordinating domain

referred to as the RING-H2 finger, is a catalytic core

subunit of the APC [20–22]. Mutants of APC11 in yeast

confer a mitotic arrest phenotype [19,20] similar to that

associated with other APC mutants [19,31,32]. In the

absence of any other subunit of the APC, APC11 alone is

able to bind E2 (Ubc4) [20–22,33] and to support

ubiquitination of cyclin B and securin [20–22].

All zinc fingers contain a core of highly conserved

cysteine and histidine residues that tetrahedrally coordi-

nate Zn2+. Because the thiolate anion is more readily

oxidized than is the protonated thiol, the zinc-bound

cysteine thiolate anions (Cys–S�) generally confer redox

susceptibility to zinc-finger proteins, as is the case for

heat shock protein 33 [34], protein kinase C [35,36], c-

Raf kinase [37], the retinoic acid receptor [38], metal-

lothionein [39], replication protein A [40], the transcrip-

tion factor Sp-1 [41], and cellulose synthase [42].

We now show that hydrogen peroxide (H2O2) indu-

ces inactivation of APC11 through oxidation of the

zinc-coordinating cysteines and the consequent release

of zinc from the RING-H2 finger. This release of zinc

impairs the ability of APC11 to bind Ubc4 and to trans-

fer ubiquitin to APC substrates such as securin and

cyclin B.
EXPERIMENTAL PROCEDURES

Materials

Mouse monoclonal antibodies to cyclin B1, to ubiq-

uitin, to GST, or to the hexahistidine (His6) epitope tag

were from Santa Cruz Biotechnology, those to h-actin
were from Abcam, and those to the Flag epitope tag were
from Sigma. Rabbit polyclonal antibodies to securin were

from Zymed, and those to APC11 were from Pharmin-

gen. Rat antibodies to the hemagglutinin epitope (HA)

tag and the pHM6 vector were from Roche Biochemicals.

Bovine catalase was from Calbiochem. Propidium iodide

and 4-acetamido-4V-maleimidylstilbene-2,2V-disulfonate
(AMS) were from Molecular Probes. Ubiquitin, N-

ethylmaleimide (NEM), glucose oxidase, trichloroacetic

acid (TCA), xylenol orange, ferrous ammonium sulfate,

and perchloric acid were from Sigma. His6-tagged ubiq-

uitin, E1, and E2 (Ubc4) were from Boston Biochem,

4-(2-pyridylazo) resorcinol (PAR) was from Alfa Aesar,

and Chelex-100 was from Bio-Rad. Glutathione–Sepha-

rose, the pGEX-6P-1 vector, and PreScission protease

were from Amersham Pharmacia Biotech, MG-132 was

from Biomol, the pET15b and pET14b vectors were from

Novagen, and the pCMV2B vector was from Stratagene.

The pCGN vector, used for expression of proteins with an

NH2-terminal HA tag, was kindly provided by W. Herr.

p-Hydroxymercuriphenylsulfonic acid (PMPS) was kind-

ly provided by A. Ginsburg.

Expression plasmids

The DNA sequences for the human APC11 were

amplified from HeLa cell cDNA and cloned into the

BamHI and EcoRI sites of pGEX-6P-1 for expression of

GST-APC11. The DNA sequences for the NH2-terminal

134 amino acids of human cyclin B1 and for human

Ubc4 were amplified from HeLa cell cDNA and cloned

into the NdeI and BamHI sites of pET15b and the XhoI

and BamHI sites of pET14b, respectively, for expression

of fusion proteins with an NH2-terminal His6 tag. For

construction of the mammalian expression plasmids

pCGN-APC11, pHM6-ubiquitin, and pCMV2B-Ubc4,

the human APC11, ubiquitin, and Ubc4 cDNAs were

amplified from HeLa cell cDNA and cloned into the

XbaI–BamHI sites of pCGN, the HindIII–EcoRI sites of

pHM6, and the BamHI–EcoRI sites of pCMV2B,

respectively.

Expression and purification of recombinant proteins

Escherichia coli BL21 (DE3) carrying the plasmid

encoding GST-APC11 was cultured at 37jC in LB

medium supplemented with ampicillin (100 Ag/ml) and

ZnCl2 (100 AM). Isopropyl-1-thio-h-D-galactopyranoside
(0.2 mM) was added and the culture was incubated

overnight at 20jC. GST-APC11 proteins were purified

using glutathione–Sepharose (Amersham Pharmacia)

and dialyzed against 10 mM HEPES–NaOH (pH 7.4).

When indicated, GST was removed from the fusion

protein by cleavage with PreScission protease. The

concentration of the recombinant protein was determined

by measurement of absorbance at 280 nm and based on

an extinction coefficient of 2.105 for a solution of 1 mg/
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ml [43]. The His6-tagged cyclin B1(1–134) or Ubc4

proteins were also expressed in E. coli and were purified

with the use of an immobilized nickel resin (Qiagen).

Zinc determination

Purified recombinant APC11 was dialyzed first

against a solution containing 40 mM HEPES–KOH

(pH 7.0), 2 mM DTT, and 100 AM ZnCl2 and then

against 40 mM HEPES–KOH (pH 7.0) alone. The

release of zinc from the purified protein was measured

as described [44] with an assay based on the formation of

a complex between the released zinc and PAR. This

complex absorbs light at 500 nm with an q500 of 66,000
M�1 cm�1. All solutions used for zinc determination

were pretreated with Chelex-100 to remove background

Zn2+. The H2O2-induced release of zinc from APC11

was thus assayed with 0.1 mM PAR at 30jC in 200 Al of
Chelex-100–treated 40 mM HEPES–KOH (pH 7.0). For

determination of the total zinc content of untreated

APC11, absorbance at 500 nm was monitored until a

plateau was reached during the repeated addition of 5-

Al portions of 0.5 mM PMPS to a mixture (1 ml)

containing 1.5 AM APC11 and 100 AM PAR.

In vitro assay of ubiquitination and Ubc4 binding

GST-APC11 (4 Ag) was incubated for 1 h at 30jC in the

absence or presence of H2O2 in a final volume of 200

Al containing 50 mM HEPES–NaOH (pH 7.4). The

reaction was stopped by the addition of 1 Ag of catalase,

and GST-APC11was isolated with the use of glutathione–

Sepharose. The beads were washed with 50 mMHEPES–

NaOH (pH 7.4), and the immobilized fusion protein was

assayed for its ability to ubiquitinate cyclin B1 or itself as

well as its ability to bind Ubc4. The ubiquitination of

cyclin B1 was measured in a 30-Al reaction mixture

containing E1 (0.4 Ag), Ubc4 (0.4 Ag), ubiquitin (30 Ag),
0.2 Ag of His6-tagged human cyclin B1(1–134), 2 mM

ATP, 50 mM HEPES–NaOH (pH 7.4), 2.5 mM MgCl2,

and 1 mM DTT. For the autoubiquitination assay, the

reaction mixture contained His6-tagged ubiquitin (3 Ag)
instead of ubiquitin, and cyclin B1 was omitted. The

reactions were performed for 1 h at 37jC and subjected

to immunoblot analysis with antibodies to the His6 tag. For

the Ubc4 binding assay, the bead-immobilized GST-

APC11 was incubated for 2 h at 4jC with His6-Ubc4 (1

Ag) in 1 ml of binding buffer consisting of 50 mM

HEPES–NaOH (pH 7.0), 150 mM NaCl, 1% Nonidet P-

40, and BSA (25 Ag/ml). The beads were then washed four

times with binding buffer and subjected to immunoblot

analysis with antibodies to the His6 tag.

Cell culture, transfection, and synchronization

HeLa cells were cultured in DMEM supplemented

with 10% FBS, penicillin (100 U/ml), and streptomycin
(100 U/ml). Transient transfection of cells was performed

in 100-mm dishes with 12 Al of FuGENE 6 (Roche).

After 36 h, the cells were arrested in M phase of the cell

cycle by exposure to nocodazole as described previously

[45]. They were washed and released in 60-mm dishes (6
� 105 cells per dish) containing serum-free medium.

Flow cytometry

Cells (f3 � 105) were washed twice with ice-cold

PBS and then fixed overnight at 4jC in 70% ethanol.

Immediately before flow cytometry, the cells were resus-

pended in PBS containing propidium iodide (50 Ag/ml)

and DNase-free RNase (10 Ag/ml). They were then

analyzed with a FACSCalibur flow cytometer (Becton

Dickinson).

Preparation of HeLa cell lysates

HeLa cells were washed twice with ice-cold PBS and

then lysed for 10 min at 4jC in a solution containing 25

mM HEPES–NaOH (pH 7.4), 2 mM EGTA, 25 mM h-
glycerophosphate, 1% Triton X-100, 10% glycerol, 1

mM Na3VO4, 5 mM NaF, 1 mM 4-(2-aminoethyl)ben-

zenesulfonyl fluoride, aprotinin (10 Ag/ml), leupeptin (10

Ag/ml), 25 nM microcystin, and 50 AM MG-132. The

lysate was centrifuged at 15,000 � g for 10 min, and the

protein concentration of the resulting supernatant was

measured by the Bradford assay.

Measurement of H2O2

The amount of H2O2 in medium was determined by

the PCA-FOX assay [46]. Portions of medium (0.2 ml)

were collected, mixed with 0.05 ml of 30% TCA, and

then centrifuged at 15,000 � g for 10 min. The resulting

supernatant (0.1 ml) was mixed with 0.9 ml of PCA-FOX

solution (0.28 mM xylenol orange and 0.28 mM ferrous

ammonium sulfate in 0.12 M perchloric acid) and incu-

bated for 30 min at room temperature, after which the

absorbance at 560 nm was measured and compared with

a standard curve generated with dilutions of a standard

H2O2 solution.

Separation of reduced and oxidized APC11 by a

thiol-trapping procedure

After exposure to H2O2, cells were washed with ice-

cold PBS, incubated on ice for 30 min with 10% TCA,

scraped from the dish, and transferred to microcentrifuge

tubes. After centrifugation at 15,000 � g for 5 min at

4jC, the pellets were washed once with 10% TCA and

twice with acetone, solubilized in 0.1 ml of 200 mM

Tris–HCl (pH 6.8) containing 1.5% SDS and 50 mM

NEM, and incubated for 1 h at 30jC. The pH of the

samples was adjusted to 8.5, and they were then incu-

bated with 100 mM DTT for 30 min before dilution with

0.9 ml of 50 mM HEPES–NaOH (pH 7.2) containing
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150 mM NaCl and 0.1 mM EDTA. Proteins were

precipitated by the addition of 0.15 ml of 100% TCA

and incubation on ice for 30 min. The samples were then

centrifuged and washed as described above, and the

pellets were finally solubilized in 100 mM Tris–HCl

(pH 8.8) containing 1.5% SDS and 10 mM 4-acetamido-

4V-maleimidylstilbene-2,2V-disulfonate (AMS) and then

incubated at 25jC for 2 h. The reaction was stopped

by the addition of 5� nonreducing Laemmli buffer and

the samples were subjected to immunoblot analysis.

RESULTS

H2O2 inhibits the ubiquitin ligase activity of APC11

In the absence of any other subunit of the APC, APC11

is able to mediate the ubiquitination both of itself and of

APC substrates such as cyclin B and securin [20–22]. We

first investigated whether H2O2 affects the autoubiquiti-

nation activity of APC11. After exposure to H2O2, recom-

binant GST-APC11 was incubated with His6-tagged

ubiquitin, E1, and Ubc4, and the formation of multi-

ubiquitin chains was evaluated by immunoblot analysis

with antibodies to the His6 tag. Treatment with H2O2

resulted in a marked inhibition of the autoubiquitination

activity of APC11 (Fig. 1A). We also examined the

ubiquitin ligase activity of H2O2-treated GST-APC11 with

a His6-tagged NH2-terminal fragment of human cyclin B1
Fig. 1. Inhibition of the ubiquitin ligase activity of purified recombina
was incubated for 1 h at 30jC with the indicated concentrations of H2

and the recombinant fusion protein was isolated by glutathione–Sephar
and His6-ubiquitin in the presence of ATP. The reaction mixture was th
tag. The positions of protein–ubiquitin (Ub) conjugates are indicated
treated with H2O2 as in (A) and then incubated with purified E1, Ubc4
The reaction mixture was analyzed as in (A). The positions of unmodifi
on the right. (C) GST or GST-APC11 was treated with H2O2 (500 AM)
from reaction mixture by glutathione–Sepharose. The resulting precip
panel), after which the membrane was reprobed with antibodies to GST
indicated. Data in (A) through (C) are representative of three indepen
that contains the destruction box required for proteolysis

[47]. Again, H2O2 inhibited the ubiquitin ligase activity of

APC11 in a concentration-dependent manner (Fig. 1B).

Treatment of GST-APC11 with H2O2 also resulted in a

marked inhibition of its ability to bind Ubc4 (Fig. 1C).

H2O2 induces zinc release from recombinant APC11

H2O2 induces the release of zinc ions from various

zinc-finger–containing proteins, including heat shock

protein 33 [34], protein kinase C [35,36], and c-Raf

kinase [37]. We monitored Zn2+ release from APC11

with the use of the zinc-sensitive dye PAR. Incubation

with 0.5 mM H2O2 indeed induced the release of Zn2+

from APC11; the release was slow, with a half-time of

f30 min (Fig. 2A). The maximal extent of Zn2+ release

induced by H2O2 was determined to be 2.89 F 0.17 mol

per mole of APC11 (mean F SE of values from three

independent experiments). This value is consistent with

the previous demonstration that APC11 contains a third

Zn2+ binding site in addition to the two formed by the

canonical RING-H2 finger [22]. The catalytic activity of

APC11 was shown to be independent of the binding of

zinc to this third site, however [20,22].

To demonstrate that the H2O2-induced release of zinc

from APC11 was due to cysteine oxidation, we incubated

APC11 with various concentrations of H2O2 and then

subjected the recombinant protein to nonreducing SDS–
nt APC11 by H2O2. (A) Autoubiquitination assay. GST-APC11
O2, after which H2O2 was eliminated by the addition of catalase
ose and incubated for the indicated times with purified E1, Ubc4,
en subjected to immunoblot analysis with antibodies to the His6
on the right. (B) Ubiquitination of cyclin B1. GST-APC11 was
, ubiquitin, and His6–cyclin B1(1–134) in the presence of ATP.
ed cyclic B1 and of cyclin B1–ubiquitin conjugates are indicated
in (A), incubated with His-Ubc4 for 2 h at 4jC, and then isolated
itates were subjected to immunoblot analysis to His6 tag (upper
(lower panel). The positions of His-Ubc4 and GST-APC11 are

dent experiments.



Fig. 2. The release of zinc from, and intersubunit disulfide formation by,
recombinant APC11 induced by H2O2. (A) Purified recombinant
APC11 (1 AM) was incubated for the indicated times at 30jC with 40
mM HEPES–KOH (pH 7.0) in the presence of 0.1 mM PAR and in the
absence (o) or presence (.) of 0.5 mM H2O2. The formation of the
PAR2–Zn

2+ complex was monitored by measurement of absorbance at
500 nm. Zinc release was expressed as a percentage of the maximal
value. (B) Purified recombinant APC11 (1 AM) was incubated at 30jC
first for 1 h with the indicated concentrations of H2O2 and then
alkylated with 10 mM NEM. The reaction mixtures were incubated in
the absence (�) or presence (+) of 50 mM DTT and then subjected to
nonreducing SDS–PAGE followed by immunoblot analysis with
antibodies to APC11. The positions of the APC11 monomer and
oligomers are indicated on the left. Data in (A) and (B) are
representative of three independent experiments. (C) Purified recombi-
nant APC11 (1 AM) was incubated for the indicated times at 30jC with
40 mM HEPES–KOH (pH 7.0) containing 150 mM glucose and 0.1
mM PAR and in the absence (o) or presence (.) of 40 mU of glucose
oxidase. The reaction mixture was saturated with oxygen before the
addition of glucose oxidase. Zinc release was measured as in (A) and
expressed as a percentage of the maximal value. The concentration of
H2O2 (5) in the reaction mixture was determined. Data are
representative of three independent experiments.
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PAGE with or without prior treatment with DTT. Treat-

ment with H2O2 induced oligomerization of APC11 in a

concentration-dependent manner, as revealed by electro-

phoresis of the sample not treated with DTT (Fig. 2B).

Such oligomerization was not observed with the DTT-

treated sample, indicating it was likely due to intersubu-

nit disulfide formation.

H2O2 prevents destruction of APC substrates and delays

cell cycle progression

We next tested whether H2O2 also inactivated APC11

in HeLa cells that had been synchronized in metaphase by

treatment with nocodazole. The amounts of the APC

substrates cyclin B1 and securin were greater in the

metaphase-arrested cells than in asynchronous cells (Fig.

3A). Release of the cells from nocodazole-induced arrest

resulted both in the rapid degradation of cyclin B1 and

securin (Fig. 3A) and in exit of the cells from mitosis and

their progression into G1 phase (Fig. 3B). However, the

release of arrested cells in the presence of H2O2 prevented

the destruction of cyclin B1 and securin (Fig. 3A) as well

as delayed cell cycle progression (Fig. 3B) in a concen-

tration-dependent manner. These results suggested that the

machinery responsible for the degradation of cyclin B1

and securin in mitotic cells is inhibited by H2O2.

To test whether H2O2 affected the ubiquitination of

APC substrates, we measured the ubiquitination of cyclin

B1 in HeLa cells expressing HA-tagged ubiquitin. Re-

lease of the cells from mitotic arrest in the presence of the

proteasome inhibitor MG-132 resulted in the appearance

of multiple ubiquitinated bands in immunoblots of cyclin

B1 immunoprecipitates probed with antibodies to HA

(Fig. 3C). The presence of H2O2 in the release medium

inhibited the ubiquitination of cyclin B1, suggesting that

H2O2 blocks the degradation of APC substrates by

inhibiting the ubiquitin ligase activity of APC.

Ubc4 interacts directly with APC11 and thereby

supports the ubiquitination reaction [20–22,33]. To de-

termine whether the APC11–Ubc4 interaction was also

inhibited by H2O2, we expressed HA-tagged APC11

together with Flag-tagged Ubc4 in HeLa cells, immuno-

precipitated HA-APC11 with antibodies to HA, and

subjected the immunoprecipitates to immunoblot analy-

sis with antibodies to Flag. Flag-Ubc4 coprecipitated in

similar amounts with HA-APC11 from cells arrested in

mitosis or released from such arrest (Fig. 3D). The

release of arrested cells in the presence of H2O2, how-

ever, resulted in a marked decrease in the amount of

coprecipitated Flag-Ubc4.

H2O2 oxidizes cysteine residues of APC11 in vivo

To investigate whether the cysteine residues of APC11

are oxidized in HeLa cells treated with H2O2, we applied a

thiol-trapping method that allows the separation of oxi-



Fig. 3. Inhibition of APC function in HeLa cells by H2O2. (A) Prevention by H2O2 of the degradation of APC substrates. HeLa cells
were synchronized in metaphase by nocodazole treatment and then released from arrest and incubated for 90 min with the indicated
concentrations of H2O2. Lysates prepared from asynchronous (Asy), metaphase-arrested (M), and released cells were subjected to
immunoblot analysis with antibodies to cyclin B1, to securin, or to h-actin (control). (B) Delay in cell cycle progression into G1 phase
induced by H2O2. The cells studied in (A) were also subjected to flow cytometric analysis of DNA content. Relative cell number is
plotted against DNA content per cell. (C) Inhibition by H2O2 of cyclin B1 ubiquitination. HeLa cells that had been transfected for 36 h
with pHM6-ubiquitin encoding HA-ubiquitin were synchronized in metaphase, released from cell cycle arrest, and incubated for 90 min
in the absence or presence of 0.5 mM H2O2 or 50 AM MG-132, as indicated. Cell lysates prepared from the metaphase-arrested (M) or
released cells were subjected to immunoprecipitation (IP) for 6 h at 4jC with agarose–conjugated antibodies to cyclin B1 (a-cyclin B1).
The resulting precipitates were then subjected to immunoblot analysis (IB) with antibodies to HA (upper panel), after which the
membrane was reprobed with antibodies to cyclin B1 (lower panel). The positions of cyclin B1–ubiquitin conjugates, cyclin B1, and
IgG heavy chain are indicated on the right. (D) Inhibition by H2O2 of the interaction between APC11 and Ubc4. HeLa cells that had been
cotransfected for 36 h with pCGN-APC11 (1 Ag) and pCMV2B-Ubc4 (3 Ag), which encode HA-APC11 and Flag-Ubc4, respectively,
were synchronized in metaphase, released from cell cycle arrest, and incubated for 45 min in the absence or presence of 0.5 mM H2O2.
Cell lysates prepared from metaphase-arrested (M) or released cells were incubated at 4jC first for 4 h with antibodies to HA and then
for 1 h in the additional presence of protein G–Sepharose beads. The resulting immunoprecipitates as well as the lysate of the mitotically
arrested cells (50 Ag of protein) were subjected to immunoblot analysis with antibodies to Flag (upper panel), after which the membrane
was reprobed with antibodies to HA (lower panel). The positions of Flag-Ubc4 and HA-APC11 are indicated. Data in (A) through (D)
are representative of three separate experiments.
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dized and reduced species on nonreducing gels [34,37].

All accessible thiol groups in cell lysates were alkylated

irreversibly with NEM, after which disulfide bonds pres-

ent in proteins were reduced to thiols with DTT. The newly

produced thiol groups were then alkylated with AMS, a

thiol-reactive reagent that alkylates cysteine residues and

thereby adds 500 Da to each thiol group.

HeLa cells expressing HA-APC11 were subjected to

mitotic arrest and then released for 60 min in the

presence of various concentrations of H2O2. Cell lysates

were prepared and subjected to the thiol-trapping proce-

dure, and any change in the size of HA-APC11 in the

lysates was detected by SDS–PAGE under nonreducing

conditions followed by immunoblot analysis with anti-

bodies to HA (Fig. 4A). Treatment of the cells with H2O2

induced a concentration-dependent increase in the

amount of oxidized (slower migrating) APC11. To de-

termine whether the disulfide bonds formed by APC11

might be intersubunit, as observed with recombinant
APC11 in vitro (Fig. 2B), we subjected the cell lysates

to nonreducing SDS–PAGE and immunoblot analysis

without subjecting them to the thiol-trapping procedure.

HA-APC11 was detected as a monomer in lysates

derived from cells treated or not with H2O2 (data not

shown), indicating that the cysteine residues of APC11

form intramolecular disulfides when the protein is as-

sembled in a complex with other APC subunits.

Mammalian cells contain various peroxidases and

catalases that are able to metabolize H2O2. Thus, H2O2

added as a bolus at various levels to the culture medium

of HeLa cells was gradually depleted, with a half-time of

f25 min when added at 1 mM (Fig. 4B). It was

therefore possible that both the continuous decay of

H2O2 and the slow release of Zn2+ might be responsible

for the relatively high initial concentrations of exogenous

H2O2 required for the oxidation of APC11 in cells.

To determine whether low steady-state levels of H2O2

could be achieved with the use of glucose oxidase, which



Fig. 4. Oxidation of cysteines of APC11 induced by H2O2 in HeLa cells. (A) Oxidation of APC11 in vivo. HeLa cells that had been
transfected with 1 Ag of pCGN-APC11 encoding HA-APC11 for 36 h were synchronized in metaphase by nocodazole treatment, released
from arrest, and incubated for 60 min in the presence of the indicated concentrations of H2O2. Lysates of the metaphase-arrested cells (M)
and those of cells released in the presence of H2O2 were subjected to a thiol-trapping procedure to allow separation of reduced and
oxidized forms of HA-APC11, as described under Methods. The samples were then subjected to nonreducing SDS–PAGE followed by
immunoblot analysis with antibodies to HA. The positions of the reduced and oxidized proteins are indicated. (B) Depletion of
exogenous H2O2 by HeLa cells. The concentration of H2O2 remaining in the culture medium of HeLa cells was measured at the indicated
times after the addition of various initial concentrations (o, 0;z, 0.1;E, 0.2;n, 0.5; and., 1 mM). (C) Continuous production of H2O2

in culture medium by glucose oxidase. HeLa cells (3 � 105 cells in a 60-mm dish) that had been transiently transfected with pCGN-
APC11 were incubated in medium containing glucose oxidase (7.5 mU/ml). The concentration of H2O2 in the medium was determined at
the indicated times. (D) Oxidation of APC11 in HeLa cells exposed to a steady-state level of H2O2. After exposure to the glucose
oxidase–containing medium for the indicated times, the cells from the experiment shown in (C) were analyzed for the reduced and
oxidized forms of HA-APC11 as described in (A). Data in (A) through (D) are representative of three separate experiments.
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catalyzes the oxidation of h-D-glucose in the presence of

oxygen to produce D-gluconic acid and H2O2, we incu-

bated HeLa cells with various concentrations of this

enzyme and measured the concentration of H2O2 in the

medium. In the presence of glucose oxidase at a concen-

tration of 7.5 mU/ml, the concentration of H2O2 reached

a plateau after 3 h and was then maintained in the range

of 20 to 30 AM as the result of the balance between

consumption by the cells and production by glucose

oxidase (Fig. 4C).

We then determined the oxidation state of APC11 in

HeLa cells exposed to the steady-state level (20 to 30

AM) of H2O2 (Fig. 4D). Incubation of cells with glucose

oxidase resulted in a slow oxidation of APC11, with

f50% of APC11 in the oxidized form after 18 h. These

results thus suggest that the low levels of H2O2 produced

under certain pathophysiological conditions might be

sufficient to inhibit the ubiquitination activity of APC11.
DISCUSSION

Hydrogen peroxide is a mild oxidant that is able to

oxidize cysteine residues in proteins to cysteine sulfenic

acid or disulfide, both of which are readily reduced back

to cysteine by various cellular reductants. Because the

pKa (where Ka is the acid constant) of the sulfhydryl

group (Cys–SH) of most cysteine residues is f8.5, and
because this group is less readily oxidized by H2O2 than

is the cysteine thiolate anion (Cys–S�), few proteins

might be expected to possess a Cys–SH that is vulner-

able to oxidation by H2O2 in cells. However, certain

protein cysteine residues do exist as thiolate anions at

neutral pH either as a result of the lowering of their pKa

values by charge interactions between the negatively

charged thiolate and nearby positively charged amino

acid residues or as a result of being a ligand of a metal

ion such as Zn2+.

The displacement of 50% of bound zinc from APC11

required f30 min in the presence of H2O2 at a concen-

tration of 0.5 mM. This rate is similar to those observed

with other zinc-containing proteins such as metallothio-

nein (half-time of f20 min in the presence of 1 mM

H2O2) [48], heat shock protein 33 (half–time of f10

min in the presence of 3 mM H2O2) [34], and the retinoic

acid receptor (half–time off30 min in the presence of 1

mM H2O2) [38]. The release of zinc associated with

proteins is thus a relatively slow process. Although, like

other cysteine thiolate groups, zinc-coordinated thiolates

might be expected to react rapidly with H2O2, the slow

rate of Zn2+ release is probably due to the fact that Zn2+

can remain bound through the remaining three ligands

after dissociation of one oxidized cysteine. Our results

indicate that APC11 binds Zn2+ at a molar ratio of 1:3,

consistent with the previous demonstration that APC11
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contains a third zinc binding site in addition to the two

formed by the canonical RING-H2 finger [22].

In addition to maintaining the structural integrity of

the RING finger, Zn2+ was suggested to participate

directly in catalysis [22]. Unlike the two zinc ions of

the RING-finger motif, the binding of the third zinc ion

was found not to be important for the E3 activity of

APC11 [22]. Our results indicate that H2O2 both induces

Zn2+ release from APC11 by oxidizing the coordinating

cysteine residues and prevents the binding of APC11 to

the E2 enzyme Ubc4 both in vitro and in vivo.

Hydrogen peroxide induces a variety of cellular

responses that depend on its concentration. At concen-

trations of f1 to 15 AM, depending on cell type, H2O2

serves as a mitogenic signal [49–54]. It thus induces

quiescent cells to enter the cell cycle [51], and this effect

is accompanied by signaling events such as protein

tyrosine phosphorylation and early gene expression.

The mitogenic effect of peptide growth factors is also

accompanied by the intracellular production of H2O2,

and such receptor-mediated mitogenic signaling is abro-

gated by prevention of the accumulation of H2O2 with

catalase [55]. An important target for the H2O2 produced

in response to growth factors or for exogenous H2O2

present at low concentrations appears to be the active site

cysteine of protein tyrosine phosphatases and of PTEN, a

phosphoinositide 3-phosphatase [56,57]. It has thus been

proposed that the activation of protein tyrosine kinases

and phosphoinositide 3-kinase by growth factors might

not be sufficient to increase the steady-state levels of

protein tyrosine phosphorylation and 3-phosphorylated

phosphoinositides in cells and that concurrent inhibition

of protein tyrosine phosphatases and PTEN by H2O2 is

also needed.

Exposure of dividing cells to concentrations of H2O2

(f 100 to 200 AM) higher than those that induce a

mitogenic response results in temporary growth arrest

[50,53,54,58–60]. During this growth arrest, the expres-

sion of antioxidant enzymes, damage-repair enzymes,

and shock-response proteins is increased, whereas that

of many housekeeping enzymes is reduced. Cell cycle

progression is resumed after the removal of H2O2 and the

repair of damaged DNA. The temporary arrest thus

provides cells with the time needed for defense against

and recovery from the oxidative stress. Exposure of cells

to H2O2 at even higher concentrations or for prolonged

times induces permanent growth arrest, which is pheno-

typically similar to replicative senescence [54,61,62]. At

concentrations in the range of 0.5 to 5 mM, H2O2 induces

apoptosis or necrosis [50,63–70].

Cell cycle arrest has been associated with the activa-

tion of p53 and modified expression of several proteins,

including gadd153, gadd45, adapt15, and p21Cip1

[50,58]. Our results now suggest that the direct oxidation
of APC11 can result in cell cycle arrest (probably either

temporary or permanent) in G2-M phase. The arrest of

oxidatively stressed cells in mitosis has previously been

described [71–73]. Because the SCF-type E3 complex,

which functions at the G1–S transition, also contains a

RING-finger protein, Rbx1 (ROC1), H2O2 also likely

contributes to growth arrest by inhibiting cell cycle

progression through G1. The thiolate anions coordinated

by zinc, such as those in APC11 and several other zinc-

finger proteins, are less sensitive to oxidation by H2O2

than are the active site thiolate anions of protein tyrosine

phosphatases. Thus, whereas treatment of HeLa cells for

30 min with 20 AM H2O2 or EGF elicited a strong

tyrosine phosphorylation of several proteins, the same

treatments did not induce oxidation of APC11 when

measured using the thiol-trapping method (not shown).

This differential sensitivity to oxidation may provide

cells with a mechanism for distinguishing between levels

of H2O2 that promote mitosis and those that are toxic.

Our observation that prolonged exposure of cells to

relatively low levels of H2O2 (20 to 30 AM) was

sufficient to induce oxidation of APC11 suggests that

oxidative stress associated with pathological conditions

such as chronic inflammation also might be able to

induce cell cycle arrest by inhibiting APC function.
REFERENCES

[1] Peters, J. M. The anaphase-promoting complex: proteolysis in
mitosis and beyond. Mol. Cell 9:931–943; 2002.

[2] Harper, J. W.; Burton, J. L.; Solomon, M. J. The anaphase-
promoting complex: it’s not just for mitosis any more. Genes
Dev. 16:2179–2206; 2002.

[3] Zachariae, W.; Nasmyth, K. Whose end is destruction: cell di-
vision and the anaphase-promoting complex. Genes Dev.
13:2039–2058; 1999.

[4] Nasmyth, K.; Peters, J.-M.; Uhlmann, F. Splitting the chromo-
some: cutting the ties that bind sister chromatids. Science
288:1379–1384; 2000.

[5] Uhlmann, F.; Lottspeich, F.; Nasmyth, K. Sister-chromatid sepa-
ration at anaphase onset is promoted by cleavage of the cohesin
subunit Scc1. Nature 400:37–42; 1999.

[6] Uhlmann, F.; Wernic, D.; Poupart, M.; Koonin, E.; Nasmyth, K.
Cleavage of cohesin by the CD clan protease separin triggers
anaphase in yeast. Cell 103:375–386; 2000.

[7] Waizenegger, I.; Hauf, S.; Meinke, A.; Peters, J. Two distinct
pathways remove mammalian cohesin from chromosome arms in
prophase and from centromeres in anaphase. Cell 103:399–410;
2000.

[8] King, R. W.; Deshaies, R. J.; Peters, J.-M.; Kirschner, M. W. How
proteolysis drives the cell cycle. Science 274:1652–1659; 1996.

[9] Morgan, D. Regulation of the APC and the exit from mitosis. Nat.
Cell. Biol. 1:E47–E53; 1999.

[10] Hochstrasser, M. Ubiquitin-dependent protein degradation. Annu.
Rev. Genet. 30:405–439; 1996.

[11] Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev.
Biochem. 67:425–479; 1998.

[12] Pickart, C. M. Ubiquitin enters the new millennium. Mol. Cell
8:499–504; 2001.

[13] Jackson, P. K.; Eldridge, A. G.; Freed, E.; Furstenthal, L.; Hsu, J. Y.;
Kaiser, B. K.; Reimann, J. D. The lore of the RINGs: substrate
recognition and catalysis by ubiquitin ligases. Trends Cell. Biol.
10:429–439; 2000.



APC11 as a target of H2O2 529
[14] Weissman, A. M. Themes and variations on ubiquitylation. Nat.
Rev. Mol. Cell. Biol. 2:169–178; 2001.

[15] Joazeiro, C.; Weissman, A. RING finger proteins: mediators of
ubiquitin ligase activity. Cell 102:549–552; 2000.

[16] Lorick, K. L.; Jensen, J. P.; Fang, S.; Ong, A. M.; Hatakeyama, S.;
Weissman, A. M. RING fingers mediate ubiquitin-conjugating
enzyme (E2)-dependent ubiquitination. Proc. Natl. Acad. Sci.
USA 96:11364–11369; 1999.

[17] Zheng, N.; Wang, P.; Jeffrey, P. D.; Pavletich, N. P. Structure of a
c-Cbl–UbcH7 complex: RING domain function in ubiquitin-pro-
tein ligases. Cell 102:533–539; 2000.

[18] Zheng, N.; Schulman, B. A.; Song, L.; Miller, J. J.; Jeffrey, P. D.;
Wang, P.; Chu, C.; Koepp, D. M.; Elledge, S. J.; Pagano, M.;
Conaway, R. C.; Conaway, J. W.; Harper, J. W.; Pavletich, N. P.
Structure of the Cul1-Rbx1-Skp1-F boxSkp2 SCF ubiquitin ligase
complex. Nature 416:703–709; 2002.

[19] Zachariae, W.; Shevchenko, A.; Andrews, P. D.; Ciosk, R.; Galo-
va, M.; Stark, M. J.; Mann, M.; Nasmyth, K. Mass spectrometric
analysis of the anaphase-promoting complex from yeast: identifi-
cation of a subunit related to cullins. Science 279:1216–1219;
1998.

[20] Leverson, J. D.; Joazeiro, C. A.; Page, A. M.; Huang, H.; Hieter, P.;
Hunter, T. The APC11 RING-H2 finger mediates E2-dependent
ubiquitination. Mol. Biol. Cell 11:2315–2325; 2000.

[21] Gmachl, M.; Gieffers, C.; Podtelejnikov, A. V.; Mann, M.; Peters,
J. M. The RING-H2 finger protein APC11 and the E2 enzyme
UBC4 are sufficient to ubiquitinate substrates of the anaphase-
promoting complex. Proc. Natl. Acad. Sci. USA 97:8973–8978;
2000.

[22] Tang, Z.; Li, B.; Bharadwaj, R.; Zhu, H.; Ozkan, E.; Hakala, K.;
Deisenhofer, J.; Yu, H. APC2 Cullin protein and APC11 RING
protein comprise the minimal ubiquitin ligase module of the ana-
phase-promoting complex. Mol. Biol. Cell 12:3839–3851; 2001.

[23] Tan, P.; Fuchs, S.; Chen, A.; Wu, K.; Gomez, C.; Ronai, Z.; Pan,
Z. Recruitment of a ROC1-CUL1 ubiquitin ligase by Skp1 and
HOS to catalyze the ubiquitination of I kappa B alpha. Mol. Cell
3:527–533; 1999.

[24] Kamura, T.; Koepp, D. M.; Conrad, M. N.; Skowyra, D.; More-
land, R. J.; Iliopoulos, O.; Lane, W. S.; Kaelin W. G., Jr.; Elledge,
S. J.; Conaway, R. C.; Harper, J. W.; Conaway, J. W. Rbx1, a
component of the VHL tumor suppressor complex and SCF ubi-
quitin ligase. Science 284:657–661; 1999.

[25] Ohta, T.; Michel, J.; Schottelius, A.; Xiong, Y. ROC1, a homolog
of APC11, represents a family of cullin partners with an associ-
ated ubiquitin ligase activity. Mol. Cell 3:535–541; 1999.

[26] Skowyra, D.; Koepp, D. M.; Kamura, T.; Conrad, M. N.; Conaway,
R. C.; Conaway, J. W.; Elledge, S. J.; Harper, J. W. Reconstitution
of G1 cyclin ubiquitination with complexes containing SCFGrr1
and Rbx1. Science 284:662–665; 1999.

[27] Seol, J. H.; Feldman, R. M. R.; Zachariae, W.; Shevchenko, A.;
Correll, C. C.; Lyapina, S.; Chi, Y.; Galova, M.; Claypool, J.;
Sandmeyer, S.; Nasmyth, K.; Shevchenko, A.; Deshaies, R. J.
Cdc53/cullin and the essential Hrt1 RING-H2 subunit of SCF
define a ubiquitin ligase module that activates the E2 enzyme
Cdc34. Genes Dev. 13:1614–1626; 1999.

[28] Hu, G.; Fearon, E. R. Siah-1 N-terminal RING domain is required
for proteolysis function, and C-terminal sequences regulate oligo-
merization and binding to target proteins. Mol. Cell. Biol.
19:724–732; 1999.

[29] Habelhah, H.; Frew, I. J.; Laine, A.; Janes, P. W.; Relaix, F.; Sas-
soon, D.; Bowtell, D. D.; Ronai, Z. Stress-induced decrease in
TRAF2 stability is mediated by Siah2. EMBO J. 21:5756–5765;
2002.

[30] Didier, C.; Broday, L.; Bhoumik, A.; Israeli, S.; Takahashi, S.;
Nakayama, K.; Thomas, S. M.; Turner, C. E.; Henderson, S.;
Sabe, H.; Ronai, Z. RNF5, a RING finger protein that regulates
cell motility by targeting paxillin ubiquitination and altered locali-
zation. Mol. Cell. Biol. 23:5331–5345; 2003.

[31] Kramer, K. M.; Fesquet, D.; Johnson, A. L.; Johnston, L. H.
Budding yeast RSI1/APC2, a novel gene necessary for initiation
of anaphase, encodes an APC subunit. EMBO J. 17:498–506;
1998.
[32] Yu, H.; Peters, J. M.; King, R. W.; Page, A. M.; Hieter, P.; Kirsch-
ner, M. W. Identification of a cullin homology region in a subunit
of the anaphase- promoting complex. Science 279:1219–1222;
1998.

[33] Furukawa, M.; Ohta, T.; Xiong, Y. Activation of UBC5 Ubiquitin-
conjugating Enzyme by the RING finger of ROC1 and assembly
of active ubiquitin ligases by all cullins. J. Biol. Chem. 277:
15758–15765; 2002.

[34] Jakob, U.; Muse, W.; Eser, M.; Bardwell, J. C. Chaperone activity
with a redox switch. Cell 96:341–352; 1999.

[35] Knapp, L. T.; Klann, E. Superoxide-induced stimulation of protein
kinase C via thiol modification and modulation of zinc content. J.
Biol. Chem. 275:24136–24145; 2000.

[36] Korichneva, I.; Hoyos, B.; Chua, R.; Levi, E.; Hammerling, U.
Zinc release from protein kinase C as the common event during
activation by lipid second messenger or reactive oxygen. J. Biol.
Chem. 275:24136–24145; 2002.

[37] Hoyos, B.; Imam, A.; Korichneva, I.; Levi, E.; Chua, R.; Ham-
merling, U. Activation of c-Raf kinase by ultraviolet light: regu-
lation by retinoids. J. Biol. Chem. 277:23949–23957; 2002.

[38] Casadevall, M.; Sarkar, B. Effect of redox conditions on the
DNA-binding efficiency of the retinoic acid receptor zinc-finger.
J. Inorg. Biochem. 71:147–152; 1998.

[39] Maret, W.; Vallee, B. L. Thiolate ligands in metallothionein confer
redox activity on zinc clusters. Proc. Natl. Acad. Sci. USA 95:
3478–3482; 1998.

[40] Park, J.-S.; Wang, M.; Park, S.-J.; Lee, S.-H. Zinc finger of
replication protein A, a non-DNA binding element, regulates
its DNA binding activity through redox. J. Biol. Chem. 274:
29075–29080; 1999.

[41] Wu, X.; Bishopric, N. H.; Discher, D. J.; Murphy, B. J.; Webster,
K. A. Physical and functional sensitivity of zinc finger transcrip-
tion factors to redox change. Mol. Cell. Biol. 16:1035–1046;
1996.

[42] Kurek, I.; Kawagoe, Y.; Jacob-Wilk, D.; Doblin, M.; Delmer, D.
Dimerization of cotton fiber cellulose synthase catalytic subunits
occurs via oxidation of the zinc-binding domains. Proc. Natl.
Acad. Sci. USA 99:11109–11114; 2002.

[43] Gill, S. C.; von Hippel, P. H. Calculation of protein extinction
coefficients from amino acid sequence data. Anal. Biochem.
182:319–326; 1989.

[44] Hunt, J. B.; Neece, S. H.; Ginsburg, A. The use of 4-(2-pyridy-
lazo)resorcinol in studies of zinc release from Escherichia coli
aspartate transcarbamoylase. Anal. Biochem. 146:150–157; 1985.

[45] Chang, T.-S.; Jeong, W.; Choi, S. Y.; Yu, S.; Kang, S. W.; Rhee, S.
G. Regulation of peroxiredoxin I activity by Cdc2-mediated phos-
phorylation. J. Biol. Chem. 277:25370–25376; 2002.

[46] Gay, C. A.; Gebicki, J. M. Perchloric acid enhances sensitivity
and reproducibility of the ferric-xylenol orange peroxide assay.
Anal. Biochem. 304:42–46; 2002.

[47] Glotzer, M.; Murray, A. W.; Kirschner, M. W. Cyclin is degraded
by the ubiquitin pathway. Nature 349:132–138; 1991.

[48] Quesada, A. R.; Byrnes, R. W.; Krezoski, S. O.; Petering, D. H.
Direct reaction of H2O2 with sulfhydryl groups in HL-60 cells:
zinc-metallothionein and other sites. Arch. Biochem. Biophys.
334:241–250; 1996.

[49] Rhee, S. G.; Bae, Y. S.; Lee, S.-R.; Kwon, J. Hydrogen Peroxide:
A key messenger that modulates protein phosphorylation through
cysteine oxidation. Science’s STKE 2000:pe1–pe6; 2000.

[50] Davies, K. J. Oxidative stress, antioxidant defenses, and dam-
age removal, repair, and replacement systems. IUBMB Life
50:279–289; 2000.

[51] Burdon, R. H. Superoxide and hydrogen peroxide in relation
to mammalian cell proliferation. Free Radic. Biol. Med.
18:775–794; 1995.

[52] Pandya, H. C.; Snetkov, V. A.; Twort, C. H. C.; Ward, J. P. T.;
Hirst, S. J. Oxygen regulates mitogen-stimulated proliferation of
fetal human airway smooth muscle cells. Am. J. Physiol. Lung
Cell. Mol. Physiol. 283:L1220–L1230; 2002.

[53] Wartenberg, M.; Diedershagen, H.; Hescheler, J.; Sauer, H.
Growth stimulation versus induction of cell quiescence by hydro-
gen peroxide in prostate tumor spheroids is encoded by the du-



T.-S. Chang et al.530
ration of the Ca2+ response. J. Biol. Chem. 274:27759–27767;
1999.

[54] Wiese, A. G.; Pacifici, R. E.; Davies, K. J. A. Transient adaptation
to oxidative stress in mammalian cells. Arch. Biochem. Biophys.
318:231–240; 1995.

[55] Preston, T. J.; Muller, W. J.; Singh, G. Scavenging of extracel-
lular H2O2 by catalase inhibits the proliferation of HER-2/Neu-
transformed rat-1 fibroblasts through the induction of a stress
response. J. Biol. Chem. 276:9558–9564; 2001.

[56] Lee, S. R.; Kwon, K. S.; Kim, S. R.; Rhee, S. G. Reversible
inactivation of protein-tyrosine phosphatase 1B in A431 cells
stimulated with epidermal growth factor. J. Biol. Chem.
273:15366–15372; 1998.

[57] Lee, S. R.; Yang, K. S.; Kwon, J.; Lee, C.; Jeong, W.; Rhee, S. G.
Reversible inactivation of the tumor suppressor PTEN by H2O2.
J. Biol. Chem. 277:20336–20342; 2002.

[58] Barnouin, K.; Dubuisson, M. L.; Child, E. S.; Fernandez de Mat-
tos, S.; Glassford, J.; Medema, R. H.; Mann, D. J.; Lam, E. W.
H2O2 induces a transient multi-phase cell cycle arrest in mouse
fibroblasts through modulating cyclin D and p21Cip1 expression.
J. Biol. Chem. 277:13761–13770; 2002.

[59] Wharton, W. Cell cycle constraints on peroxide- and radiation-
induced inhibitory checkpoints. Cancer Res. 55:5069–5074;
1995.

[60] Deshpande, N. N.; Sorescu, D.; Seshiah, P.; Ushio-Fukai, M.;
Akers, M.; Yin, Q.; Griendling, K. K. Mechanism of hydrogen
peroxide-induced cell cycle arrest in vascular smooth muscle.
Antioxid. Redox Signal 4:845–854; 2002.

[61] Chen, Q.; Ames, B. Senescence-like growth arrest induced by
hydrogen peroxide in human diploid fibroblast F65 cells. Proc.
Natl. Acad. Sci. USA 91:4130–4134; 1994.

[62] Chen, Q. M.; Liu, J.; Merrett, J. B. Apoptosis or senescence-like
growth arrest: influence of cell-cycle position, p53, p21 and bax in
H2O2 response of normal human fibroblasts. Biochem. J.
347:543–551; 2000.

[63] Takeyama, N.; Miki, S.; Hirakawa, A.; Tanaka, T. Role of the
mitochondrial permeability transition and cytochrome C release
in hydrogen peroxide-induced apoptosis. Exp. Cell Res. 274:
16–24; 2002.

[64] Arnoult, D.; Parone, P.; Martinou, J.-C.; Antonsson, B.; Estaquier,
J.; Ameisen, J. C. Mitochondrial release of apoptosis-inducing
factor occurs downstream of cytochrome c release in response to
several proapoptotic stimuli. J. Cell Biol. 159:923–929; 2002.

[65] Kim, D. K.; Cho, E. S.; Um, H.-D. Caspase-dependent and
-independent events in apoptosis induced by hydrogen perox-
ide. Exp. Cell Res. 257:82–88; 2000.

[66] Sonoda, Y.; Watanabe, S.; Matsumoto, Y.; Aizu-Yokota, E.; Ka-
sahara, T. FAK is the upstream signal protein of the phosphatidy-
linositol 3-kinase-Akt survival pathway in hydrogen peroxide-
induced apoptosis of a human glioblastoma cell line. J. Biol.
Chem. 274:10566–10570; 1999.

[67] Suhara, T.; Fukuo, K.; Sugimoto, T.; Morimoto, S.; Nakahashi, T.;
Hata, S.; Shimizu, M.; Ogihara, T. Hydrogen peroxide induces up-
regulation of Fas in human endothelial cells. J. Immunol.
160:4042–4047; 1998.

[68] Saitoh, M.; Nishitoh, H.; Fujii, M.; Takeda, K.; Tobiume, K.;
Sawada, Y.; Kawabata, M.; Miyazono, K.; Ichijo, H. Mammalian
thioredoxin is a direct inhibitor of apoptosis signal-regulating
kinase (ASK) 1. EMBO J. 17:2596–2606; 1998.

[69] Troyano, A.; Sancho, P.; Fernandez, C.; de Blas, E.; Bernardi,
P.; Aller, P. The selection between apoptosis and necrosis is dif-
ferentially regulated in hydrogen peroxide-treated and glutathione-
depleted human promonocytic cells. Cell Death Differ. 10:
889–898; 2003.

[70] Xu, Y.; Bradham, C.; Brenner, D. A.; Czaja, M. J. Hydrogen
peroxide-induced liver cell necrosis is dependent on AP-1 activa-
tion. Am. J. Physiol. 273:G795–G803; 1997.

[71] Munoz, C.; van Meeteren, L.; Post, J.; Verkleij, A.; Verrips, C.;
Boonstra, J. Hydrogen peroxide inhibits cell cycle progression by
inhibition of the spreading of mitotic CHO cells. Free Radic. Biol.
Med. 33:1061; 2002.

[72] Kurata, S. Selective activation of p38 MAPK cascade and mitotic
arrest caused by low level oxidative stress. J. Biol. Chem.
275:23413–23416; 2000.

[73] Ziegler, M. L.; Sisken, J. E. Differential sensitivity of meta-
phase to diamide and ouabain in HeLa cells. Exp. Cell Res.
158:263–266; 1985.
ABBREVIATIONS

AMS—4-acetamido-4V-maleimidylstilbene-2,2V-disulfo-
nate

APC—anaphase-promoting complex

HA—hemagglutinin epitope

NEM—N-ethylmaleimide

PAGE—polyacrylamide gel electrophoresis

PAR—4-(2-pyridylazo) resorcinol

PMPS—p-hydroxymercuriphenylsulfonic acid

TCA—trichloroacetic acid
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