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Hydrogen peroxide is implicated as an intracellular
messenger in various cellular responses such as prolif-
eration and differentiation. Peroxiredoxin (Prx) I is a
member of the peroxiredoxin family of peroxidases and
contains a consensus site (Thr90-Pro-Lys-Lys) for phos-
phorylation by cyclin-dependent kinases (CDKs). This
protein has now been shown to be phosphorylated spe-
cifically on Thr90 by several CDKs, including Cdc2, in
vitro. Phosphorylation of Prx I on Thr90 reduced the
peroxidase activity of this protein by 80%. The phospho-
rylation of Prx I in HeLa cells was monitored with the
use of antibodies specific for Prx I phosphorylated on
Thr90. Immunoblot analysis with these antibodies of
HeLa cells arrested at various stages of the cell cycle
revealed that Prx I phosphorylation occurs in parallel
with the activation of Cdc2; Prx I phosphorylation was
thus marked during mitosis but virtually undetectable
during interphase. Furthermore, when Cdc2 expression
was reduced by RNA interference with cognate small
interfering RNAs, Prx I phosphorylation was not ob-
served in the cells synchronized in mitotic phase. The
cytosolic location of Prx I likely prevents its interaction
with activated CDKs until after the breakdown of the
nuclear envelope during mitosis, when Cdc2 is the CDK
that is most active. Phosphorylation of Prx I on Thr90

both in vitro and in vivo was blocked by roscovitine, an
inhibitor of CDKs. These results suggest that Cdc2-me-
diated phosphorylation and inactivation of Prx I and
the resulting intracellular accumulation of H2O2 might
be important for progression of the cell cycle.

Although H2O2 is generally considered a toxic by-product of
respiration, recent evidence suggests that the transient gener-
ation of H2O2 is an important signaling event triggered by the
activation of many cell surface receptors (1–4). It has thus been
proposed that H2O2 is an intracellular messenger that medi-
ates various cellular functions, including the activation of tran-
scription factors such as NF-�B (5) and AP-1 (6, 7) as well as

the inactivation of protein-tyrosine phosphatases (8–12). The
mechanism by which H2O2 propagates receptor-induced signal-
ing is largely unknown. However, the inactivation of protein-
tyrosine phosphatases by H2O2 produced in response to recep-
tor activation is mediated by the specific oxidation of their
essential cysteine residues. The oxidized phosphatases are re-
activated by cellular reductants after the concentration of H2O2

returns to normal (9).
The timely elimination of second messengers, such as cyclic

nucleotides and inositol 1,4,5-trisphosphate, after the comple-
tion of their functions is important for efficient signaling. Thus,
in general, both the production and the elimination of second
messengers are strictly controlled. Control of the elimination of
H2O2 is likely especially important given that this molecule is
readily converted to the destructive hydroxyl radical. Enzymes
capable of eliminating H2O2 include catalase, glutathione per-
oxidase, and peroxiredoxin (Prx).1 There is no evidence to sug-
gest that the activities of catalase and glutathione peroxidase
are regulated.

Members of the Prx family of peroxidases are present in
organisms from all kingdoms (13, 14). All Prx enzymes contain
a conserved cysteine residue in the NH2-terminal region that is
the primary site of oxidation by H2O2. At least six Prx enzymes
are present in mammals, and these proteins can be divided into
three subgroups referred to as 2-Cys, atypical 2-Cys, and 1-Cys
(14–16). The 2-Cys isozymes (Prx I, II, III, and IV) contain an
additional conserved cysteine in the COOH-terminal region,
whereas the atypical 2-Cys (Prx V) and the 1-Cys (Prx VI)
isozymes do not. The amino acid sequence homology among the
three subgroups is low (�20% identity), whereas that among
the members of the 2-Cys subgroup is relatively high (60–80%
identity). Prx isoforms are distributed differentially within
cells: Prx I and II are localized to the cytosol (17, 18); Prx III is
synthesized with a mitochondrial-targeting sequence and is
restricted to mitochondria; Prx IV is synthesized with an NH2-
terminal signal sequence for secretion and is present in the
endoplasmic reticulum as well as in the extracellular space;
Prx V is expressed in long and short forms that are located in
mitochondria and peroxisomes, respectively (16); and Prx VI is
found in the cytosol (19, 20). When overexpressed in various
cell types, Prx enzymes efficiently reduced the increase in the
intracellular concentration of H2O2 induced by platelet-derived
growth factor or tumor necrosis factor-�, inhibited the activa-
tion of NF-�B induced by tumor necrosis factor-�, and blocked
apoptosis induced by ceramide (19, 21, 22), suggesting that
they function in signaling cascades by removing H2O2.

Although they are implicated in intracellular signaling, the

* This work was supported by international collaboration grants from
the Korean Science and Engineering Foundation (to T.-S. C. and W. J.).
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

¶ Present address: Dept. of Biological Science, Sookmyung Women’s
University, Seoul 140-742, Korea.

� Present address: Center for Cell Signaling Research, Division of
Molecular Life Sciences, Ewha Womans University, Seoul 120-750,
Korea.

** To whom correspondence should be addressed: Bldg. 50, Rm. 3523,
South Dr., MSC 8015, Bethesda, MD 20892. Tel.: 301-496-9646; Fax:
301-480-0357; E-mail: sgrhee@nih.gov.

1 The abbreviations used are: Prx, peroxiredoxin; P-Prx I, Prx I phos-
phorylated on Thr90; CDK, cyclin-dependent kinase; siRNA, the small
interfering RNA; Trx, thioredoxin.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 277, No. 28, Issue of July 12, pp. 25370–25376, 2002
Printed in U.S.A.

This paper is available on line at http://www.jbc.org25370

 at E
w

ha M
edical L

ibrary on O
ctober 26, 2016

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


activity of Prx enzymes has not previously been shown to be
regulated in response to cell stimulation, as is the case with
many other enzymes that catalyze the metabolism of second
messengers. In the present study, we demonstrate that puri-
fied Prx I is phosphorylated on Thr90 by cyclin-dependent ki-
nases (CDKs), including Cdc2 (also known as CDK1), resulting
in a marked inhibition of the peroxidase activity of Prx I.
Furthermore, Prx I phosphorylation in HeLa, HepG2, and NIH
3T3 cells was apparent during mitosis but not during inter-
phase. These results suggest that Cdc2, the CDK that is acti-
vated during mitosis, is responsible for Prx I phosphorylation
in intact cells and that the accumulation of H2O2 that results
from the inactivation of Prx I might be important for progres-
sion of the cell cycle.

EXPERIMENTAL PROCEDURES

Materials—A monoclonal antibody to Cdc2 and rabbit antibodies to
other CDKs (CDK2, CDK4, and CDK6) were obtained from Santa Cruz
Biotechnology, and the purified recombinant Cdc2-cyclin B complex
was from New England Biolabs. Roscovitine, okadaic acid, thymidine,
and nocodazole were obtained from Calbiochem, propidium iodide was
from Molecular Probes, histone H1 was from Invitrogen, DNase-free
RNase was from Eppendorf-5 Prime, and protein G-Sepharose,
Q-Sepharose XL, and Sepharose 4B were from Amersham Biosciences.
Rat thioredoxin (Trx) (19), rat Trx reductase (23), Escherichia coli
glutamine synthetase (24), recombinant 2-Cys Prx proteins (Prx I to IV)
(19), and rabbit antiserum to human Prx I (19) were prepared as
described previously.

Expression and Purification of Wild-type and Mutant Prx I—The
construction of a bacterial expression plasmid for human Prx I (pET-
Prx I) was described previously (19). Mutation of Thr90 of Prx I to
alanine (Prx I T90A) or to aspartate (Prx I T90D) was performed by
polymerase chain reaction-mediated site-directed mutagenesis with
pET-Prx I as the template. E. coli BL21 (DE3) cells were transformed
with the wild-type or mutant pET-Prx I plasmids, and the encoded
proteins were purified from bacterial extracts as described (19).

Preparation of Prx I Phosphorylated on Thr90 by Cdc2—Recombinant
Prx I (250 �g) was incubated for 6 h at 30 °C with 100 ng of the purified
Cdc2-cyclin B complex in a final volume of 500 �l containing 50 mM

Tris-HCl (pH 7.5), 10 mM MgCl2, 1 mM EGTA, 1 mM dithiothreitol, 100
�M ATP, and 50 �Ci of [�-32P]ATP. Phosphorylated Prx I was separated
from the unphosphorylated protein by diluting the reaction mixture
with 50 mM Tris-HCl (pH 8.5) and applying the resulting solution to a
Q-Sepharose column that had been equilibrated with 50 mM Tris-HCl
(pH 8.5). The proteins were eluted from the column with 500 �l of 50 mM

Tris-HCl (pH 8.5) containing 0.3 M NaCl.
Cell Culture and Synchronization—HeLa cells were cultured in Dul-

becco’s minimum essential medium supplemented with 10% fetal bo-
vine serum, penicillin (100 units/ml), and streptomycin (100 units/ml).
The cells were arrested in the mitotic phase of the cell cycle by exposure
to nocodazole as described (25). In brief, they were incubated with
nocodazole (200 ng/ml) for 16 h, after which the culture dishes were
shaken, and floating cells (�50% of total cells) were harvested. After
washing twice with phosphate-buffered saline, the cells were cultured
in nocodazole-free medium to induce release from mitotic arrest.

HeLa cells were synchronized at the G1-S transition of the cell cycle
by the thymidine double-block method (26) with some modifications. In
brief, HeLa cells in the exponential growth phase were exposed to 2 mM

thymidine for 16 h, released into thymidine-free medium for 9 h, and
then re-exposed to 2 mM thymidine for 14 h. The block was released by
transfer of cells to thymidine-free medium.

Flow Cytometry—Approximately 1 � 106 cells were washed twice
with ice-cold phosphate-buffered saline and then fixed overnight at 4 °C
in 70% ethanol. Immediately before flow cytometry, the cells were
resuspended in phosphate-buffered saline containing propidium iodide
(50 �g/ml) and DNase-free RNase (10 �g/ml). Flow cytometry was
performed with a Coulter Epics XL instrument (Beckman Coulter).

Preparation of HeLa Cell Lysates—HeLa cells were washed twice
with ice-cold phosphate-buffered saline and then lysed for 10 min at
4 °C in a solution containing 25 mM Hepes-NaOH (pH 7.4), 2 mM EGTA,
25 mM �-glycerophosphate, 1% Triton X-100, 10% glycerol, 1 mM dithi-
othreitol, 1 mM Na3VO4, 5 mM NaF, 1 mM 4-(2-aminoethyl)benzene-
sulfonyl fluoride, aprotinin (10 �g/ml), leupeptin (10 �g/ml), and 25 nM

microcystin. The lysate was centrifuged at 15,000 � g for 10 min, and

the protein concentration of the resulting supernatant was measured
with a Bradford assay before experiments.

In Vitro Assay of Kinase Activity—Recombinant Prx I, II, III, or IV (2
�g each) was phosphorylated by the purified recombinant Cdc2-cyclin B
complex (10 ng) in a final volume of 30 �l containing 50 mM Tris-HCl
(pH 7.5), 10 mM MgCl2, 1 mM EGTA, 1 mM dithiothreitol, 100 �M ATP,
and 10 �Ci of [�-32P]ATP. The reaction mixture was incubated for the
indicated times at 30 °C, after which proteins were separated by SDS-
PAGE on a 12% gel. The radioactivity associated with protein bands
was quantified by PhosphorImager (Molecular Dynamics) analysis.

The phosphorylation of 1 �g of Prx I or histone H1 was also per-
formed with immunoprecipitated CDKs under the same reaction con-
ditions as those described above. HeLa cell lysates (0.1–1 mg of protein)
were incubated for 1 h at 4 °C with 15 �l of protein G-Sepharose beads
with constant rotation. After removal of the beads by centrifugation, the
resulting supernatants were incubated for 2 h at 4 °C with 1 �g of a
monoclonal antibody to Cdc2 or with 4 �g of rabbit antibodies to CDK2,
CDK4, or CDK6. The immune complexes were recovered by further
incubation for 1 h at 4 °C with 15 �l of protein G-Sepharose beads and
subsequent separation of the beads by centrifugation. The beads were
washed twice with cell lysis buffer and twice with washing buffer (50
mM Tris-HCl (pH 7.5), 10 mM MgCl2, 1 mM EGTA) before use as the
source of kinase.

Preparation of Monospecific Antibodies to Prx I Phosphorylated on
Thr90—Rabbits were injected with keyhole limpet hemocyanin conju-
gated to the phosphopeptide CHLAWVNT(PO4)PKKQG, which corre-
sponds to residues 83–95 of human Prx I. To remove antibodies that
recognized the corresponding unphosphorylated peptide, we applied
serum subsequently obtained from the rabbits to Sepharose 4B resin
conjugated with the unphosphorylated peptide. The unbound fraction
was further purified by collection of the antibodies that bound to Sepha-
rose 4B conjugated with the phosphopeptide. The resulting monospecific
antibodies were used for immunoblot analysis of phosphorylated Prx I.

RNA Interference—The small interfering RNAs (siRNAs) that target
human Cdc2 were based on the coding regions 125–147 relative to the
first nucleotide of the start codon as described previously (27), pur-
chased from Dharmacon (Lafayette, CO) in purified and annealed form,
and transfected as described (28). Briefly, the day before transfection,
HeLa cells were trypsinized, diluted with fresh medium without anti-
biotics, and transferred to 24-well plates (500 �l/well). Transient trans-
fection of siRNAs was performed using OligofectAMINE (Invitrogen).
12 �l of OptiMEM medium/well (Invitrogen) and 3 �l of Oligo-
fectAMINE/well were preincubated for 10 min at room temperature.
During the time for this incubation 50 �l of OptiMEM medium were
mixed with 3 �l of 20 �M siRNA. The two mixtures were combined and
incubated for 20 min at room temperature for complex formation. After
the addition of 32 �l of OptiMEM medium to the mixture, the entire
mixture was added to the cells in one well resulting in a final concen-
tration of 100 nM for the siRNAs.

Assay of Peroxidase Activity of Prx I—The peroxidase activity of Prx I
was measured as described (29). In brief, the initial rate of NADPH
oxidation was monitored spectrophotometrically at 30 °C in a reaction
mixture (200 �l) containing 50 mM Hepes-NaOH (pH 7.0), 0.2 mM

NADPH, 50 nM Trx reductase, 5 �M Trx, 0.1 mM H2O2, and 4 �g of Prx I.

RESULTS

Phosphorylation of Prx Enzymes by CDKs in Vitro—We no-
ticed that the amino acid sequences of the 2-Cys Prx enzymes
from human, rat, and mouse all contain the consensus se-
quence, (Ser/Thr)-Pro-Xaa-(Lys/Arg), for phosphorylation by
CDKs; these sequences are Thr-Pro-Lys-Lys for Prx I, Thr-Pro-
Arg-Lys for Prx II and Prx III, and Thr-Pro-Arg-Arg for Prx IV.
Neither Prx V nor Prx VI contains such a consensus sequence
(30, 31). The putative phosphorylation site Thr, which in hu-
man Prx I is Thr90, is located 38 residues downstream of the
NH2-terminal conserved cysteine in all four 2-Cys Prx en-
zymes. To determine whether CDKs are able to catalyze the
phosphorylation of 2-Cys Prx enzymes, we subjected purified
Prx I, II, III, and IV to an in vitro kinase assay with a recom-
binant Cdc2-cyclin B complex in the presence of [�-32P]ATP.
Prx I was phosphorylated most efficiently by Cdc2-cyclin B,
followed by Prx II, Prx III, and Prx IV in decreasing order of
susceptibility to phosphorylation (Fig. 1A). Similar results
were obtained when the four Prx proteins were phosphorylated
by Cdc2 immunoprecipitated from HeLa cell lysates (data not
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shown). Prx I was also phosphorylated, with an efficiency sim-
ilar to that observed with Cdc2, when incubated in vitro with
CDK2, CDK4, or CDK6 that had been immunoprecipitated
from HeLa cell lysates with specific antibodies (data not
shown). Given that Prx I is also the most abundant of the four
2-Cys Prx enzymes in HeLa cells (14, 32) and that the mito-
chondrial protein Prx III and the extracellular protein Prx IV
do not likely have the opportunity to interact with CDKs, we
focused our subsequent studies on Prx I.

Phosphorylation of Prx I by immunoprecipitated Cdc2 was
prevented by 2 �M roscovitine (Fig. 1B), a potent and selective
inhibitor of several CDKs including Cdc2 (33). To verify the site
of phosphorylation of Prx I by Cdc2, we subjected both wild-
type Prx I and the mutant Prx I T90A, in which Thr90 is
replaced by alanine, to the in vitro kinase assay with the
purified Cdc2-cyclin B complex. In contrast to the marked
phosphorylation of the wild-type protein, phosphorylation of
Prx I T90A was undetectable (Fig. 1C), indicating that Thr90 is
the only site of Prx I phosphorylated by Cdc2.

Phosphorylation of Prx I in HeLa Cells—To facilitate the
monitoring of Prx I phosphorylation in intact cells, we prepared
antibodies specific for Prx I phosphorylated on Thr90 by inject-
ing rabbits with a 13-residue phosphopeptide corresponding to
residues 83–95 of Thr90-phosphorylated human Prx I. The re-
sulting antiserum was subjected to selection for antibodies that
bind to the phosphorylated 13-residue peptide but not to the
corresponding unphosphorylated peptide. The specificity of the

purified antibodies was assessed by performing in vitro kinase
reactions with purified Prx I and Cdc2-cyclin B in the absence
or presence of [�-32P]ATP. The resulting 32P-labeled Prx I and
unphosphorylated Prx I were combined in various ratios, and
then equal amounts of the Prx I protein combinations were
subjected to autoradiography or to immunoblot analysis either
with the monospecific antibodies to Thr90-phosphorylated Prx I
(P-Prx I) or with antibodies to Prx I (Fig. 2). The intensities of
the P-Prx I band detected by the monospecific antibodies and
by autoradiography decreased in parallel as the mole fraction
of P-Prx I decreased, suggesting that the antibodies are indeed
specific for P-Prx I. Of the other three 2-Cys Prx proteins, Prx
II exhibits the greatest sequence homology to Prx I. However,
the amino acid sequence of Prx II in the region corresponding to
the 13-residue peptide of Prx I used as the antigen for prepa-
ration of the monospecific antibodies differs from that of Prx I
by four residues, and Prx II phosphorylated by Cdc2 weakly
reacted with the antibodies to P-Prx I (data not shown).

To examine whether Prx I is phosphorylated on Thr90 in
intact cells, we took advantage of the fact that okadaic acid, an
inhibitor of type 1 and type 2A serine-threonine protein phos-
phatases, activates Cdc2 by inducing phosphorylation of Cdc25
(34, 35). We also reasoned that okadaic acid might induce the
accumulation of P-Prx I molecules by inhibiting their dephos-
phorylation. We therefore exposed HeLa cells to various con-
centrations (0–25 nM) of okadaic acid for 24 h, after which Cdc2
was immunoprecipitated from cell lysates and assayed for ki-
nase activity with histone H1 as substrate. The presence of
P-Prx I in the cell lysates was also evaluated by immunoblot
analysis with the monospecific antibodies (Fig. 3A). Both the
kinase activity of Cdc2 and the amount of P-Prx I immunore-
activity increased as the concentration of okadaic acid to which
the cells were exposed increased.

Okadaic acid has previously been shown to block cell cycle
progression during the G2-M phase (36, 37). We examined the
effect of this agent on the cell cycle in HeLa cells by flow
cytometric analysis of cellular DNA content. Control HeLa cells
in the exponential phase of growth were distributed in the G1,
S, and G2-M phases in the ratio 60:23:17. The cell cycle distri-
bution remained virtually unchanged for cells exposed to 5 or
10 nM okadaic acid; however, the percentage of cells arrested in
G2-M increased from 17 or 18% for those exposed to 0, 5, or 10
nM okadaic acid to 35, 58, and 57% for those treated with 15, 20,
or 25 nM okadaic acid, respectively (Fig. 3B). The similarity in
the dependence of Cdc2 activation, P-Prx I accumulation, and

FIG. 1. Phosphorylation of 2-Cys Prx enzymes by Cdc2 in vitro.
A, purified recombinant Prx I, II, III, and IV (2 �g each) were incubated
for 1 h in the absence (�) or presence (�) of purified recombinant
Cdc2-cyclin B complex (10 ng). B, Prx I (1 �g) was incubated for 30 min
in the absence (�) or presence (�) of 2 �M roscovitine with immuno-
precipitates (IP) that had been prepared from HeLa cell lysates (1 mg of
lysate protein) either with a mouse monoclonal antibody to Cdc2 or with
nonimmune mouse immunoglobulin G (Control). C, wild-type (WT) or
mutant (T90A) Prx I (2 �g each) was incubated for 1 h with purified
Cdc2-cyclin B complex (5 ng). All of the phosphorylation reactions were
performed at 30 °C in the presence of [�-32P]ATP. The Prx proteins were
separated by SDS-PAGE on a 12% gel and visualized by autoradiogra-
phy ([32P]Prx), staining with Coomassie Blue (Coomassie), or immuno-
blot analysis with antibodies to Prx I (�PrxI).

FIG. 2. Characterization of monospecific antibodies to Prx I
phosphorylated on Thr90. Purified Prx I was subjected to the in vitro
kinase assay with purified Cdc2-cyclin B in the absence or presence of
[�-32P]ATP as described in the legend for Fig. 1A. The two reactions
were terminated by the addition of SDS sample buffer, and portions of
the two resulting solutions were then mixed in the indicated ratios to
yield samples each containing a total of 100 ng of Prx I. The mixed
samples were subjected to SDS-PAGE followed by autoradiography
([32P]Prx I) or to immunoblot analysis either with monospecific anti-
bodies to Thr90-phosphorylated Prx I (�P-Prx I) or with antibodies to
Prx I (�Prx I).
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G2-M arrest on okadaic acid concentration suggested that Prx
I is phosphorylated in cells by Cdc2, the activation of which is
required for entry into mitosis.

Cell Cycle-dependent Phosphorylation of Prx I on Thr90—To
investigate further the phosphorylation status of Prx I during
cell cycle progression, we subjected proliferating HeLa cells to
mitotic arrest with nocodazole. The cells were then released
from mitotic arrest and, at various times thereafter, subjected
to assay of the kinase activity of Cdc2, to immunoblot analysis
of P-Prx I, and to flow cytometric analysis of DNA content.

The detached cells collected 16 h after the onset of nocodazole
treatment appeared to be arrested in mitosis as evidenced by a
high level of Cdc2 kinase activity and the observation that 93%
of the cells had a fully replicated complement of DNA (Fig. 4A).
Prx I in the mitotically arrested cells was highly phosphoryl-
ated on Thr90, whereas phosphorylation of this residue of Prx I
was virtually undetectable in asynchronous cells (Fig. 4A).
Release of the arrested cells by incubation in nocodazole-free
medium resulted in cell cycle progression into G1 phase; the
percentage of cells in G1 increased from 4% of the arrested cells
to 6, 15, and 39% of cells 1, 2, and 4 h after release, respectively.
As the cells progressed into G1, the kinase activity of Cdc2 as
well as the amount of P-Prx I decreased, suggesting that Prx I
phosphorylation occurs in the M phase but not in the G1 phase.
Phosphorylation of Prx I on Thr90 was also observed in NIH
3T3 and HepG2 cells that had been subjected to mitotic arrest
with nocodazole (data not shown).

We also subjected HeLa cells to synchronization at the G1-S
transition by the thymidine double-block method and then
released the synchronized cells from arrest by the addition of
thymidine-free medium. Both the kinase activity of Cdc2 and
the amount of P-Prx I were virtually undetectable in both
asynchronous cells and cells arrested at G1-S. Furthermore,
Cdc2 kinase activity and phosphorylation of Prx I remained
undetectable in cells released from arrest, despite the fact that
the percentage of cells in S phase increased from 31% of the
arrested cells to 51, 54, and 69% of cells 1, 2, and 4 h after
release, respectively. These results suggest that Prx I is not
phosphorylated during S phase. The abundance of Prx I re-
mained relatively constant during progression of cells through
the various stages of the cell cycle (Fig. 4B).

The extent of Prx I phosphorylation was estimated in HeLa
cells that had been synchronized in mitotic phase with nocoda-
zole treatment. To prepare standard samples to which Prx I
from the mitotic HeLa cells can be compared, purified recom-
binant Prx I was phosphorylated by Cdc2-cyclin B in vitro in
the presence of [�-32P]ATP. On the basis of the amount of 32P
radioactivity associated with Prx I, the extent of phosphoryla-
tion was determined to be �10% of the maximal level (data not
shown). The HeLa cell lysates, along with in vitro phosphoryl-
ated Prx I, were subjected to immunoblot analyses with anti-
bodies to P-Prx I and Prx I (Fig. 5). From comparison of their
immunoblot intensities, the percentage of phosphorylated Prx I
in the mitotic HeLa cells was estimated to be �12%.

The effect of roscovitine on Prx I phosphorylation was also
examined in HeLa cells. HeLa cells that had been subjected to
mitotic arrest with nocodazole were exposed for 1 h to various
concentrations of roscovitine (Fig. 6). As expected, roscovitine
inhibited the kinase activity of Cdc2 in a concentration-depend-
ent manner. In parallel with its effect on Cdc2 activity, rosco-
vitine also reduced the level of Prx I phosphorylation on Thr90.
These results indicate that Prx I phosphorylation in mitotic
cells is reversible and that once P-Prx I becomes dephosphoryl-
ated, its rephosphorylation is slower in roscovitine-treated cells
than in untreated cells.

Effect of Cdc2 Knockdown on Prx I Phosphorylation—To
provide more definite proof that Cdc2 phosphorylates Prx I
during the M phase, we employed siRNA-mediated interfer-
ence (28) to deplete endogenous Cdc2 protein in HeLa cells.
Transfection with the siRNAs for Cdc2 reduced the level of
Cdc2 protein to �10% of that of the mock transfected cells (Fig.
7) but did not affect the expression of Prx I or tubulin protein
(data not shown). Importantly, unlike in the mock transfected
cells, Prx I phosphorylation could not be observed when the
siRNA-transfected cells were treated with nocodazole (Fig. 7).
This result demonstrates that Cdc2 is involved in Prx I
phosphorylation.

Effect of Thr90 Phosphorylation on Prx I Peroxidase Activ-
ity—To investigate the effect of phosphorylation of Prx I on its
peroxidase activity, the in vitro phosphorylated Prx I, for which
the extent of phosphorylation was shown to be �10%, was
subjected to chromatography on a Q-Sepharose column to sep-
arate phosphorylated and unphosphorylated enzymes (data not
shown). Then peroxidase activities of phosphorylated and un-
phosphorylated Prx I enzymes were determined by monitoring
the H2O2-dependent oxidation of NADPH in the presence of
Trx and Trx reductase. Prx I catalyzes the reduction of H2O2 to
H2O with the use of reducing equivalents provided by Trx,
which in turn receives reducing equivalents from NADPH in
the presence of Trx reductase (29). The peroxidase activity of
P-Prx I was 20% of that of unphosphorylated Prx I (Fig. 8, left
panel).

The effect of phosphorylation is often mimicked by replace-

FIG. 3. Induction of Prx I phosphorylation by okadaic acid in
HeLa cells. HeLa cells were cultured for 24 h in the presence of the
indicated concentrations of okadaic acid (OA). A, the kinase activity of
Cdc2 immunoprecipitated from cell lysates (100 �g of lysate protein)
was then assayed in vitro with histone H1 as substrate in the presence
of [�-32P]ATP; the reaction mixtures were fractionated by SDS-PAGE
on a 12% gel, and phosphorylated histone H1 was visualized by auto-
radiography ([32P]histone). The cell lysates (40 �g of protein) were also
subjected to immunoblot analysis with monospecific antibodies to P-Prx
I (�P-Prx I), after which the blot was stripped of antibodies and rep-
robed with antibodies to Prx I (�PrxI). B, the cells analyzed in A were
also subjected to flow cytometric analysis of DNA content. The relative
cell number is plotted against the DNA content/cell in the left panel,
and the relative percentages of cells in the G1, S, and G2-M phases are
indicated on the right.
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ment of the target residue with an acidic amino acid such as
aspartate or glutamate. The replacement of Thr90 of Prx I with
aspartate (T90D) resulted in an 87% reduction in peroxidase
activity, whereas replacement of the same residue by alanine
resulted in only a 30% reduction in peroxidase activity (Fig. 8,
right panel).

DISCUSSION

Cell cycle progression in mammalian cells depends on vari-
ous CDKs, which form complexes with different cyclins and
perform specific functions during each phase of the cycle. Cdc2
thus associates with cyclin B and regulates the transition from
G2 to M; CDK2 interacts with cyclin A or cyclin E and regulates
the transition from G1 to S; and CDK4 and CDK6 bind D-type
cyclins and regulate progression through G1 (38–40). We have

FIG. 4. Cell cycle-dependent phos-
phorylation of Prx I on Thr90. HeLa
cells were synchronized in the M phase by
nocodazole treatment (A) or at the G1-S
transition by the thymidine double-block
method (B). The cells were then released
from cell cycle arrest for the indicated
times (R1, R2, and R4 indicate release
times of 1, 2, and 4 h, respectively). The
lysates were prepared from the asynchro-
nous (Asy), M phase-arrested (M), G1-S
phase-arrested (G1-S), and released cells.
The lysates were then subjected to in vitro
assay of Cdc2 kinase activity with histone
H1 as substrate ([32P]histone) or to immu-
noblot analysis with antibodies either to
P-Prx I (�P-Prx I) or to Prx I (�PrxI) as
described in the legend for Fig. 3A. The
cells were also subjected to flow cytomet-
ric analysis of DNA content as described
in the legend for Fig. 3B.

FIG. 5. Estimation of the extent of Prx I Thr90 phosphorylation
in mitotic HeLa cells. HeLa cells were synchronized in the M phase
by nocodazole treatment as described for Fig. 4A, and phosphorylated
recombinant Prx I enzyme was prepared as described under “Experi-
mental Procedures.” The lysate (45 �g) prepared from the M phase-
arrested cells (Lysate) and the indicated amount of the in vitro phos-
phorylated Prx I (In vitro) were subjected to immunoblot analysis with
antibodies either to P-Prx I (�P-Prx I) or to Prx I (�PrxI).

FIG. 6. Effect of roscovitine on Thr90 phosphorylation of Prx I
in mitotic HeLa cells. HeLa cells were synchronized in the M phase
by nocodazole treatment and then incubated for 1 h with the indicated
concentrations of roscovitine. The lysates were prepared from untreated
asynchronous cells (Asy) and from the treated M phase (M) cells and
were subjected to in vitro assay of Cdc2 kinase activity with histone H1
as substrate ([32P]histone) and to immunoblot analysis with antibodies
either to P-Prx I (�P-Prx I) or to Prx I (�PrxI) as described in the legend
for Fig. 3A.

FIG. 7. Effect of Cdc2 knockdown on Prx I phosphorylation.
HeLa cells that had been transfected for 60 h with Cdc2 siRNAs were
treated with nocodazole as described for Fig. 4A. The lysates were then
subjected to immunoblot analysis with antibodies against Cdc2
(�Cdc2), P-Prx I (�P-Prx I), or Prx I (�PrxI) as described in the legend
for Fig. 3A.

FIG. 8. Effects of phosphorylation of Thr90 and of the replace-
ment of Thr90 with aspartate on the peroxidase activity of Prx I.
Phosphorylated and unphosphorylated recombinant Prx I enzymes
were prepared as described under “Experimental Procedures.” The
peroxidase activities of unphosphorylated Prx I and P-Prx I (left panel)
as well as of wild-type (WT) and T90D and T90A mutant Prx I proteins
(right panel) were measured by spectrophotometric monitoring of the
initial rate of H2O2-dependent NADPH oxidation.
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now shown that Prx I is phosphorylated on Thr90 by Cdc2 as
well as by CDK2, CDK4, and CDK6 in vitro.

Despite the broad susceptibility of Prx I to phosphorylation
by different CDKs, the amount of P-Prx I in cells varied in
parallel with the activity of Cdc2 during cell cycle progression,
being high in cells in the G2 and M phases but not detectable in
G1 or S phase cells. The cytosolic localization of Prx I likely
prevents its interaction with activated CDKs during inter-
phase; Prx I may thus come into contact with activated CDKs
only after the breakdown of the nuclear envelope during mito-
sis (more specifically during prometaphase in the M phase).
During mitosis, Cdc2 is fully active, whereas other CDKs are
inactive. The RNA interference experiment also suggests that
Cdc2 is involved in Prx I phosphorylation.

The peroxidase activity of P-Prx I was �20% of that of the
unphosphorylated enzyme. Because the phosphorylation reac-
tion was incomplete, the phosphorylated and unphosphoryl-
ated enzymes were separated by ion exchange chromatography
before measurement of peroxidase activity. However, the ex-
tent of phosphorylation estimated for the separated P-Prx I
fraction on the basis of incorporated 32P radioactivity was
substantially less than stoichiometric (data not shown). Given
that Prx I exists as homodimers, the separated P-Prx I fraction
might have contained Prx I dimers that comprise both phos-
phorylated and unphosphorylated subunits. It is therefore pos-
sible that the peroxidase activity observed with the P-Prx I
fraction was attributable to the presence of unphosphorylated
Prx I subunits associated with phosphorylated subunits.

The sulfhydryl group of the conserved NH2-terminal Cys52

residue (Cys52-SH) of Prx I is the primary site of oxidation by
H2O2, and the resulting Cys52-SOH group forms an intermo-
lecular disulfide linkage with the conserved COOH-terminal
Cys173-SH of the paired subunit in the homodimer. The crystal
structure of Prx I indicates that the reactivity of Cys52-SH is
attributable to stabilization of its ionized state by the positively
charged environment provided by Arg128, Arg151, and the di-
poles of helices �2 and �5 (41). The thiolate anion of cysteine is
markedly more susceptible to oxidation than is protonated
cysteine. The introduction of a negative charge by phosphoryl-
ation of Thr90, which is also located close to Cys52, might
therefore disturb the charge-charge or charge-dipole interac-
tions, rendering Cys52-SH insensitive to H2O2. This notion is
consistent with the observation that replacement of Thr90 with
aspartate reduced the peroxidase activity of Prx I by 87%.

Prx II was also phosphorylated, albeit to a lesser extent than
was Prx I, by Cdc2 in vitro. Prx II is also a cytosolic protein, and
Cdc2-mediated phosphorylation and inactivation of Prx II are
therefore also likely to occur during mitosis. The percentage of
phosphorylated Prx I in the mitotic HeLa cells was estimated to
be 12%. Because the intracellular concentration of H2O2 is the
net result of production and destruction, inhibition of Prx I
activity by 12% might lead to a significant increase in H2O2

concentration. It is also possible that the phosphorylation of
Prx I is a local phenomenon restricted to where activated Cdc2
encounters Prx I. In this case, the percentage of phosphoryl-
ated Prx I in certain areas could be much higher. The signifi-
cance of a transient increase in H2O2 concentration during
mitosis is not clear. One potential target of H2O2 signaling is
Cdc25C, a dual specificity phosphatase that is an important
regulator of Cdc2 (42–46). Cyclin B, although necessary, is not
sufficient to activate Cdc2. Once bound to cyclin B during the
G2 phase, Cdc2 is phosphorylated initially on Thr14 and Tyr15

residues by an inhibitory kinase and then on Thr161 by a
stimulatory kinase. This triply phosphorylated form of Cdc2 is
still inactive. At the onset of mitosis, Cdc25C activates Cdc2 by
catalyzing the dephosphorylation of Thr14 and Tyr15 (40, 47,

48). Cdc25C is weakly active during interphase and fully acti-
vated during mitosis. The activity of Cdc25C is also highly
regulated by phosphorylation and dephosphorylation; Cdc25C
is phosphorylated and activated by several kinases including
Cdc2 and is inactivated by okadaic acid-sensitive phosphatases
(49). A low level of Cdc2 activity generated as a result of the
action of Cdc25C is therefore expected to increase further the
activities of both Cdc25C and Cdc2 in a positive feedback loop.

Like other protein-tyrosine phosphatases, Cdc25 isoforms
contain an essential cysteine residue in the His-Cys-Xaa-Xaa-
Xaa-Xaa-Xaa-Arg motif (50, 51). The active site cysteines of
protein-tyrosine phosphatases are sensitive to oxidation by
H2O2 because their ionization is promoted by the conserved
histidine and arginine residues (9, 52, 53). Protein-tyrosine
phosphatase 1B is reversibly inactivated by H2O2 produced in
response to epidermal growth factor in A431 cells (9). Cdc25C
is also sensitive to oxidation and requires the presence of re-
ducing agents for its activity (42, 54). Furthermore, the crystal
structures of Cdc25A and Cdc25B have revealed that the cat-
alytic cysteine residue of these proteins forms an intramolecu-
lar disulfide bond with another conserved cysteine (50, 51),
suggesting that the active site cysteine is sensitive to oxidation.

On the basis of these various observations, we propose that,
as mitosis progresses to prometaphase and the nuclear enve-
lope breaks down, Prx I and likely Prx II are phosphorylated by
Cdc2 that was activated at the G2-M transition. The phospho-
rylation of these two cytosolic Prx enzymes results in their
inactivation and the consequent intracellular accumulation of
H2O2. The resulting H2O2 induces inactivation of Cdc25C,
which in turn halts the positive feedback loop formed by
Cdc25C and Cdc2. Thus, H2O2 may function as an inhibitor of
Cdc25C activity throughout the stages of mitosis and may
affect cell cycle progression in the M phase. It is important to
note that a recent report indicates that sublethal doses of H2O2

induces a transient multi-phase cell cycle arrest through up-
regulation of p21cip1 and down-regulation of cyclin D expres-
sion (55).

Regardless of whether or not Cdc25C is a target of H2O2

during the cell cycle, our results demonstrate that the peroxi-
dase activity of Prx I is regulated by phosphorylation. Our data
thus provide the first example of posttranslational modification
of an H2O2-eliminating enzyme (such modification has not been
demonstrated for catalase, glutathione peroxidase, or other Prx
isozymes). The phosphorylation of Prx I is consistent with the
notion that the intracellular concentration of H2O2 is strictly
regulated through control of the production and elimination of
this agent.
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