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degraded or dissociates (5). The activity of CDKs is negatively

regulated by phosphorylation of Thr14 and Tyr'5, and by binding to

CDK inhibitors, which include the p21 family (p21@h/@@5f1,p27â€•@â€•,
and p57IUP2) and the p16INK4A family (p16INK4A, p155NK4B
pl8IN@, p19INK4D; Ref. 6). Thr@ and Tyr'5 of Cdc2 are phospho

rylated by Wed and Myti and dephosphorylated by Cdc25. Wee! is

a dual-specificity protein kinase first identified as a dose-dependent

inhibitor of mitosis in Schizosaccharomyces pombe (1), where it acts

in cooperation with the Mikl protein kinase (7). Recombinant Wee!
is able to phosphorylate Tyr'5 but significantly, not Thr'4 in Cdc2
when it is complexed to cyclin, and thus inhibits its kinase activity (8).

The activity of the full-length human WeelHu is suppressed during M
phase, when WeelHu becomes transiently hyperphosphorylated and
is degraded (9â€”11),suggesting that negative regulation of WeelHu
could be part of the mechanism by which the activation of cyclin
B-Cdc2 kinase is promoted during the G2-M transition. S. pombe
Wee! is negatively regulated by direct phosphorylation of its COOH
terminal catalytic region by Nim! (12â€”14), a fission yeast protein

kinase identified in a genetic screen for suppressors of a cdc25
temperature-sensitive mutation. Overexpression of Chk!, a protein

kinase needed for the DNA damage G2 checkpoint control (15), leads
to Wee! hyperphosphorylation in vivo; Chkl can also phosphorylate
Weel in vitro, but this phosphorylation does not affect Wed activity,
indicating that Chk! regulates the function of Wee! indirectly (16). In

Xenopus egg extracts, S. pombe Wee! is also inhibited by phospho
rylation in its NH2-terminal noncatalytic region by another unidenti

fled protein kinase, causing a large gel mobility shift and inactivation
of Weel during mitosis (17). It remains to be determined whether
Wee! family members in general are negatively regulated by phos
phorylation of the NH2-terminal noncatalytic region, although this
region does contain many CDK consensus phosphorylation sites.

In vertebrates, a cytoplasmic, membrane-bound, Thr'4-speciflc ki
nase activity has been described (18, 19). Subsequently, this activity

was cloned as a Wed-related protein kinase and called Myti (20).

Myt! can phosphorylate both the Thr'4 and Tyr'5 residues of Cdc2
but has a strong preference for Thr'4. A distinct soluble Thr'4-speciflc
kinase has also been purified from bovine brain but has not yet been
molecularly characterized (2!).

Both Thr14 and Tyr'5 can be dephosphorylated by the members of
the Cdc25 family of dual-specificity phosphatases. Enzymatic activity
of Cdc25 was first demonstrated by its phosphatase activity toward a
general phosphatase substrate, para-nitrophenylphosphate (22), and a
phosphorylated peptide corresponded to the Tyr'5 region in Cdc2
(23). Direct action of Cdc25 on Cdc2 was demonstratedby the
dephosphorylation of Cdc2 with recombinant Cdc25 (22, 24). Mam
malian cells contain three isoforms of Cdc25 (A, B, and C), which
share 40%â€”50%amino acid identity (25â€”27),and each may function
at different phases of the cell cycle, regulating different cyclin-CDK

complexes. Cdc25C is believed to be the major phosphatase that
regulates Thr'4fFyr'5 phosphory!ation of Cdc2 and is required for
entry into mitosis (28). Cdc25A and Cdc25B may function earlier in
the cell cycle and can act as oncoproteins (29).

In cycling Xenopus egg extracts, the activity of Cdc25 is low during
S phase and increases in mitosis (25, 27). Cdc25 is extensively

ABSTRACT

DNA damage inactivates cyclin-dependent kinases (CDKs) and arrests
the cell cycle. Following DNA damage, the G5-S CDKSare inhibited by a
mechanism involving p53-dependent induction of p2l@5@'@'; but how
the Cdc2 is inhibited is less apparent. We found that the signal generated
by the DNA damage checkpoint in G2 was dominant over that from the
spindle mlcrotubale-assembly checkpoint, because the high Cdc2 activity
present in nocodazole or Taxol-arrested cells was reduced by DNA dam
age. Phosphorylation of the inhibitory residues in Cdc2, Thr'4, and Tyr'5
coincided with the inactivation of Cdc2 after DNA damage. Interpretation
of this result, however, was not straightforward due to the regulation of
Thr'4iTyr'5 phosphorylation by feedback loops hence, their phosphoryl
ation can in principle result merely from the inhibition of Cdc2 activity.
Consistent with this, Thr'4/Tyr55 phosphorylation was induced when
Cdc2 kinase activity was inhibited with butyrolactone-I. Given these

complications, we undertook a more critical analysis of the mechanisms
that regulate Cdc2 after DNA damage. Caffeine reversed the DNA dam
age-induced inhibition of Cdc2 by causing dephosphorylation of Cdc2,
and this dephosphorylation still occurred even when the Cdc2 feedback
loops were blocked with butyrolactone-I. These data suggest that the DNA

damage checkpoint in part acts through Thr'4/Tyr'5 phosphorylation by
a mechanism independent of Cdc2 activity, and this phosphorylation can
be accentuated by the Cdc2 feedback loops involving Thr'411'yr'5 protein
kinases and phosphatases. The kinase activity of the WeelHu Tyr'5

protein kinase was unaltered after DNA damage, but the phosphatase
activity of Cdc25C was reduced. Thus, the decrease in Cdc25C activity

may in part account for the DNA damage-induced increase in Thr'4/Tyr55
phosphorylation.

INTRODUCTION

Cyclins and CDKs3 are key regulators of the eukaryotic cell cycle.
Cdc2 is associated with B-type cyclins and regulates entry into M
phase. Cdk2 is associated with A- and E-type cyclins, and the respec

tive complexes control progression through S phase and the G1-S
transition, respectively. Cdk4 and Cdk6 are associated with the D-type
cyclins and are required for@ progression (1).

CDK activity is tightly regulated by an intricate system of phos
phorylation and protein-protein interactions (2). The activation of

CDKs requires association with cyclin partners and phosphorylation
of @fl@161pfl1g160which lies in the activating T-loop, as is evident
from the crystal structure of Cdk2 (3). The Thr'61TFhr'@Â°residue is

phosphorylated by the CAK, which is composed of a cyclin H-Cdk7
complex and a RING-finger protein subunit MAT1 (4), and dephos

phorylated by the CDK-interacting phosphatase KAP when cyclin is
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Cdc2 ACTIVITY AND DNA DAMAGE

Here we set out to investigate the relationship between the DNA

damage and spindle microtubule-assembly checkpoints and Cdc2
regulation. Inactivation of cyclin A-Cdc2 and cyclin B-Cdc2 com
plexes after either UV- or Adriamycin-induced DNA damage was

correlated with the phosphorylation of Thr'4ITyr'5 of Cdc2. Further

more, DNA damage-induced phosphorylation of Thr'4/Tyr'5 still
occurred, even when their dephosphorylation was stabilized by the
microtubule-targeted drugs nocodazole or Taxol. However, @fl@14I
Tyr'5 phosphorylation may simply be a result rather than a cause of
Cdc2 inactivation, because inactivation of Cdc2 with the chemical
inhibitor butyrolactone-I also resulted in the phosphorylation of Thr'4/

Tyr'5. Therefore, it is possible that Cdc2 was initially inhibited by
other mechanism(s), and that the Thr'4rfyr'5 phosphorylation was
merely the result of feedback loops that accentuated the inhibition of
Cdc2 kinase activity. In view of this, we undertook a more critical
analysis of the mechanism(s) that inactivate Cdc2 after DNA damage.
We found that caffeine could induce dephosphorylation and activation

of Cdc2 after DNA damage. Moreover, caffeine-induced dephospho

rylation of Cdc2 occurred even when Cdc2 kinase activity was inhib

ited by a chemical inhibitor. These data suggest that the DNA damage
checkpoint acts through increased Cdc2 Thr'4ffyr'5 phosphorylation
of Cdc2, brought about by a mechanism independent of Cdc2 activity.
This phosphorylation can be accentuated by feedback loops that
regulate the activity of Thr'4/Tyr'5 kinases and phosphatases. We
found that among the known regulators of Cdc2, the kinase activities

of WeelHu and CAK were not altered after DNA damage, but the
phosphatase activity of Cdc25C was slightly reduced, which may in

part account for the increased phosphorylation of Thr'4rryr' @.

MATERIALS AND METHODS

Cell Culture. Normal human diploid fibroblasts KD and a KD-derived
chemical carcinogen-transformed cell line, HUT12 (50), were gifts from 0.

Orend (Burnham Institute, La Jolla. CA). Mouse Swiss 3T3 fibroblasts were
obtained from the American Type Culture Collection (Rockville, MD), and
p53@'@ mouse embryonic fibroblasts were a gift from 0. Wahl (The Salk

Institute, La Jolla, CA).
Cells were grown in DMEM supplemented with 10% v/v FCS in a humid

ified incubator at 37Â°C in 10% CO2. KD cells were used between passages 8

and 25. Cell-free extracts were prepared as described (51). The protein con
centration of cell lysates was measured with bicinchoninic acid protein assay
system (Pierce, Rockford, IL) using BSA as a standard.

Cells were irradiated with UV essentially as described by Lu and Lane (52).
The medium was removed, and the cells were irradiated with a dose of 30 JIm2

of UV (UV-C) in a Stratalinker UV cross-linker 2400 apparatus (Stratagene).
The same medium was added back, and the cells were returned to the
incubator. DNA damage was also induced by addition of 0.2 @.tg/ml of

Adriamycin (also called doxorubicin; Calbiochem, La Jolla, CA) to the me

dium for the indicated time. Cells were blocked at M phase by treatment with

0.1 .tWml nocodazole (Calbiochem) or 5 p@g/mlof Taxol (also called pacli
taxel; Calbiochem) for the indicated time. Butyrolactone-I (Ref. 53; a gift from

A. Okuyama, Banyu Tsukuba Research Institute, Tsukuba, Japan) was used at
50 .LMfor the indicated time. Cells were arrested in G@by serum starvation for

48 h as described (51). Cells were synchronized at early S phase by first
arresting cells in G@by serum starvation, then the cells were released into the

cell cycle by incubating in medium containing 10% fetal bovine serum; after

6 h, aphidicolin (Calbiochem) was added up to 5 @g/ml,and the cells were
grown for an additional 12 h. The cells were released from the aphidicolin

block by washing twice with PBS; then the cells were incubated with fresh

medium. Where indicated, caffeine (Calbiochem) was used at 5 mM after
treatment with Adriamycin.

For FACS analysis, about S X 106 cells were trypsinized, washed with PBS,
fixed in cold 70% ethanol, and stained with a solution containing 40 @sg/ml
propidium iodide and 40 @.tg/m1RNase A at 37Â°C for 30 mm. Cell cycle

distribution was analyzed using a FACScan machine (Becton Dickinson).
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phosphorylated in its NH2-terminal noncatalytic region during mito
sis, causing a large gel mobility shift; both the mobility shift and the

activity of Cdc25 can be reduced by phosphatase treatment. Similar
mobility shifts of Cdc25 are observed in mammalian cells arrested in
G2-M with the microtubule-destabilizing drug nocodazole (30), al
though only a low level of hyperphosphorylated Cdc25 is seen during
normal M phase (28). Significantly, active cyclin B-Cdc2 can activate
additional Cdc25 by directly phosphorylating the NH2-terminal region

of Cdc25 in an autocatalytic loop (30, 3!). Hence, a small amount of
active cyclin B-Cdc2 can lead to a rapid and complete activation of all
of the cycin B-Cdc2 in the cell. In addition to cyclin B-Cdc2, other
protein kinases are likely to be important for Cdc25 activation (32),

thus explaining how the first molecules of cyclin-Cdc2 are activated
during G2-M. In this connection, the polo-like kinase Plx! (P1k! in
mammalian cells) is associated with Cdc25C in Xenopus egg extracts
and can phosphorylate and stimulate the activity of Cdc25C (33). A
Cdc25C-associated protein kinase that can phosphorylate Ser@'6 in
Cdc25C has also been identified (34); phosphorylation of Ser@6
apparently does not regulate Cdc25C activity, but phosphorylated

Ser@'6 acts as a 14-3-3 binding site, and this site is specifically

dephosphorylated in mitosis.
Proper control of cell cycle progression requires several feedback

controls, which regulate the activities of different CDKs to ensure that

each stage of the cell cycle is completed before the next stage is
initiated (35). Deregulation of this kind of checkpoint control may
allow cell cycle progression to become insensitive to external signals
and DNA damage, giving rise to increased genomic mutation (36).
Several key checkpoint controls are known in mammalian cells, which
include the inhibition of entry into mitosis when DNA replication is
not completed; the inhibition of exit from mitosis when the mitotic

spindle is not correctly formed; and the inhibition of S-phase progres
sion and mitosis when the DNA is damaged (37).

Following DNA damage, two strategies are generally adopted by
cells to ensure that mutations are not passed on to the daughter cells.
On the one hand, the cell cycle can be arrested transiently to allow
time for DNA repair or be permanently arrested and enter a senescent

state (38); on the other hand, the cells with damaged DNA can be
eliminated by apoptosis (39). The spindle microtubule assembly
checkpoint response, albeit less well characterized, is probably similar
to the DNA damage checkpoint in that improperly formed spindle

microtubules lead to cell cycle arrest or apoptosis (40, 4!). When

proper spindle microtubule formation is disrupted by drugs such as
nocodazole or Taxol, degradation of cyclin B is inhibited, and the
kinase activity of cyclin B-Cdc2 is stabilized. Several yeast genes are
implicated to be important in the spindle microtubule assembly check

point (42), but little is known about the mammalian pathway.
Both cell cycle arrest and apoptosis after DNA damage are depend

ent on p53, the level and activity of which are increased following
DNA damage (43). Once activated, p53 then induces the expression of
p2!@@u5fl, which in turn may be responsible for the cell cycle
arrest. However, mice that lack@ develop normally with
out observable defects up to 7 months (44); this is in marked contrast

to mice that lack p53, which develop tumors spontaneously (45).
Nonetheless, @21Ci@1IWaf1â€”Iâ€”embryonic fibroblasts are significantly
impaired in their ability to arrest in G1 following DNA damage by
ionizing irradiation (44, 46, 47), indicating that p2!@@a5fl is im
portant but not sufficient for the DNA damage G1 checkpoint. In
contrast to cell cycle arrest, the lack of@ does not affect
p53-dependent apoptosis in thymocytes (44, 47). In normal human
flbroblasts, @21CiP1/Wau1is responsible for the inhibition of cyclin
A/E-Cdk2 and partly for cyclin D-Cdk4 after DNA damage but
clearly is not responsible for the inhibition of cyclin AJB-Cdc2
(48, 49).
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Cdc2 ACtiVITY AND DNA DAMAGE

account for the inhibition of all of the Cdk2, but it is clear that

p2l@'@'@' is not responsible for the inactivation of Cdc2 (48). In
this study, we sought to investigate how Cdc2 is inactivated after
DNA damage.

To investigate the mechanisms of G2-M arrest and Cdc2 inhibition
after DNA damage, we synchronized cells so that they could be
arrested by either UV irradiation or Adriamycin after they had passed

G1 in the cell cycle. Mouse or human fibroblasts were blocked at early
S phase by sequential serum starvation and aphidicolin treatment and
were then released synchronously into the cell cycle by removal of
aphidicolin. Fig. lA shows that Swiss 3T3 cells entered S phase by 4 h

after release; the majority of the cells were in G2 after about 10 h and
returned to G@by 14 h. In contrast, when the cells were irradiated with
Uv (Fig. !A, lower panel) or treated with Adriamycin (data not
shown) 4 h after release from the aphidicolin block, cell cycle pro
gression was immediately blocked. The synchronized cells were

blocked in G1, 5, and G2-M phases, depending on the stage of cell
cycle at the time of the damage; DNA damage inflicted later in the cell
cycle (8 h after release) resulted in cells with mainly G2-M content

(data not shown).
The histone H 1 kinase activity associated with cyclin B 1-Cdc2

was low in aphidicolin-arrested cells but increased to reach a
maximum at !0 h after release (Fig. !B), corresponding to the time
of G2-M (Fig. !A). The histone H! kinase activity associated with
cyclin A (associated with Cdc2 and Cdk2) peaked slightly earlier
than that of cyclin B!. In contrast, there was no induction of cyclin

B! and cyclin A-associated kinase activity in cells that received
UV-induced DNA damage at 4 h after release. Immunoblotting the
cell extracts with anti-p53 and p2!@' antibodies confirmed
that p53 and p21ciPlIWafI were induced following DNA damage
(Fig. 1C).

To investigate the inactivation of Cdc2 by Thr'4/Tyr'5 phospho

rylation, cyclin B 1 was immunoprecipitated from cell extracts

harvested at different time points followed by immunoblotting for

Cdc2. A comparable amount of Cdc2 was associated with cyclin
B! in the presence or absence of DNA damage (Fig. 1D). Without
DNA damage, the cyclin Bl-associated Cdc2 was all present in the
slowest gel mobility form (Thr'4 and Tyr'5 phosphorylated) during

S and early G2, but a fraction of Cdc2 was then shifted to the two
faster mobility forms as the cells entered G2-M, correlating with

the time of cyclin B l-Cdc2 activation. In contrast, no faster mo
bility forms of Cdc2 were detected in cells that received DNA
damage. Similarly, the relatively small amount of Cdc2 that was
associated with cyclin A remained in the slowest mobility form
after DNA damage (Fig. 1E). Fig. 1E also shows that similar

amounts of Cdk2 and a Mr 38,000 alternatively spliced form of
mouse Cdk2 (60) were associated with cyclin A, irrespective of
whether the cells had received DNA damage. There was an in
crease in p21CiPlIWafI binding to cyclin A-CDK after DNA damage
(Fig. !E), but in contrast, no significant binding of p21C@@@@Ito
cyclin Bl-Cdc2 was detected under the same conditions (data not

shown). These experiments show that after DNA damage, dephos
phorylation of Thr'4/Tyr'5 did not occur, and Cdc2 was not acti

vated.
A feature of many rodent cell lines is that an artificially high level

of cyclin B! accumulates in aphidicolin-blocked cells, which may

influence the outcome of this sort of experiment. Hence, to comple

ment the aphidicolin-synchronized cell experiments, we arrested
Swiss 3T3 cells in G@by serum starvation, stimulated them to enter
the cell cycle by addition of medium-containing serum, and DNA
damage was inflicted 6 h after release. Nocodazole was added to stop

Construction, Expression, and Purification of Recombinant PrOteinS.
Human GST-WeelHu was as described (5); GST-Cdc25C was a GST-fusion
protein of full-length hamster Cdc25C, and the GST-fusion protein of a
kinase-inactive mutant of human Cdk2 (K33R) was as described (54). Expres
sion of GST-fusion proteins in bacteria and purification with glutathione

agarose chromatography were as described (51).
Kinase and Phosphatase Assays. To measure histone Hi kinase activity,

immunoprecipitates equilibrated with kinase buffer [80 nmi sodium-f3-glycer
ophosphate (pH 7.4), 20 mM EGTA, 15 mi@tMg(OAc)2, and 1 mrviDTT] were
mixed with 10 @ilof kinase buffer containing 50 @LMAlP, 1.25 j.tCi
[y-32PIATP,and I@ of histone Hi. The samples were incubated at 23Â°Cfor
30 mm, and the reactions were terminated by the addition of 30 @dof
SDS-sample buffer. To measure the activities of Plkl, CAK, and WeelHu, cell

extracts (200 @g)were immunoprecipitated with antibodies against Plkl,
Cdk7, or WeelHu. The immunoprecipitates were equilibrated with kinase
buffer and mixed with 10 @tlof kinase buffer containing 50 @LMATP, 1.25 pCi
[y-32P]ATP, and I @gof GST-Cdc25C (for Plkl) or GST-Cdk2 K33R (for
CAK and WeelHu); the reactionswere incubatedat 23Â°Cand terminatedby
addition of 30 @iof SDS-sample buffer at the indicated times. The samples

were analyzed by SDS-PAGE, and phosphorylation was analyzed with a

Phosphorlmager (Molecular Dynamics).
To assay Cdc25C phosphatase activity, Cdc25C was immunoprecipitated

from cell extracts (800 @Lg)and mixed with a soluble cyclin B1-immune
complex from extracts of Adriamycin-arrested Swiss 3T3 cells (200 ,.@g).
Reversible immunoprecipitation was performed essentially as described (55).

Briefly, immunoprecipitation was performed with recombinant histidine
tagged protein A (PA-H6) and nickel-NTA-agarose beads; after washing, the
immune complexes were released by incubation in buffer containing EDTA.

The cyclin Bl-immune complex was incubated with Cdc25C-immunoprecipi
tates in 10 @1of buffer [50 nmi HEPES (pH 7.5), 50 mM NaCl, 15 mM
Mg(OAc)2,and 1mistDli'] at 23Â°Cfor 60 mm. The histone Hi kinase activity
was then assayed as described above.

Antibodies and Immunological Methods. Rabbit antibodies against
Cdk2, Cdk7, and cyclin B 1 (56), the Al7 anti-Cdc2 monoclonal antibody (57),
the E72 anti-cyclin A monoclonal antibody (51), rabbit anti-cyclin A poly
clonal antibody (58), and rabbit anti-cyclin Dl polyclonal antiserum (48) were
as described previously. A rabbit anti-cyclin 0 polyclonal antiserum was raised
against histidine-tagged, full-length rat cyclin 0 protein expressed in bacteria.
The anti-Cdc2 polyclonal antiserum was raised against a COOH-terminal
peptide of human Cdc2. Anti-PSTAIRE monoclonal antibody was a gift from
M. Yamashita (Hokkaido University, Sapporo, Japan; Ref. 59). Anti-human
p53 monoclonal antibody was DO-i (Santa Cruz Biotechnology; sc-l26).

Anti@p2lCiP@@5hI antibody was a purified polyclonal antibody raised against

the COOH-terminal peptide of@ (Santa Cmz Biotechnology; sc-397).
Anti-CdC25C polyclonal antiserum was raised against hamster Cdc25C (but cross
reacts with mouseCdC25C).Anti-WeelHu polyclonalantiserumwas as described
(9). Anti-human Plkl poiyclonal antiserum was a generous gift from E. Nigg
(Swiss Cancer Research Center, Lausanne, Switzerland). In this work, polyclonal
antibodieswere used for both immunoprecipitationand immunoblotting,whereas
monoclonalantibodieswere used only for immunoblotting.Immunoprecipitation
and immunoblotting were performed as described (48).

RESULTS

G2-M Arrest and Inactivation of Cydin-Cdc2 after DNA Dam
age Correlate with Thr'4/Tyr15 Phosphorylation. Following DNA
damage, the cell cycle is arrested at different points, depending on the
type of damage. Normal human diploid fibroblasts or mouse Swiss
3T3 fibroblasts predominantly arrested in G1 following UV irradia
tion, whereas the DNA-damaging chemotherapeutic drug Adriamycin
induced predominantly a G2-M arrest. Irrespective of the type of DNA
damage, however, the activities of different cyclin-CDK complexes
that control G1 (cyclin AIE-Cdk2 and cyclin D-Cdk4/6), S phase
(cyciin A-Cdk2), and G2-M (cyclin AIB-Cdc2) were all decreased
(48).@After DNA damage, the induction of p2l@'@'@ by p53 could

4 Unpublished observations.
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cells from moving further than G2-M. Fig. 2A shows that the Cdc2-
associated kinase activity increased as the cells progressed through the

cell cycle and arrested in G2-M. In contrast, no such increase in Cdc2
kinase activity was observed in cells irradiated with UV. Inactivation
of Cdc2 was not due to a lack of cyclin AJB1-Cdc2 complexes,

because comparable amounts of cyclin B 1 and A were found to
associate with Cdc2 with or without DNA damage (cyclin A-Cdc2

formed earlier than cyclin Bl-Cdc2; Fig. 2A). In cells with damaged
DNA, all of the cyclin A-associated Cdc2 was shifted to the slowest
mobility form, indicating that Thr'4 and Tyr'5 were phosphorylated

14 (Fig. 2B). This is interesting, because Cdc2 bound to cyclin A is

apparently not regulated by Thr'4/Tyr'5 phosphorylation in cycling

Xenopus egg extracts (6!). The total levels ofother CDKs and cyclins,

including Cdc2, Cdk2, Cdk7, and cyclin 0, were the same in untreated
and irradiated cells, but the level of cyclin Dl was reduced after
irradiation as described before (51).

Fig. 3 demonstrates more clearly the various mobility forms of
Cdc2 on SDS-PAGE after DNA damage in relation to their kinase
activity. Cdc2 isolated from growing Swiss 3T3 cells contained the

unphosphorylated, fastest mobility form (neither Thrt4 nor Tyr'5
phosphorylated), the singly phosphorylated medium mobility form

(either @â€˜@I4or Tyr'5 phosphorylated), and the doubly phosphorylated

slowest mobility form of Cdc2 (both Thr'4 and Tyr'5 phosphorylated;
Fig. 3, Lane 1). In the presence of Adriamycin-induced DNA damage,
all of the cyclin B!-associated Cdc2 shifted up to the slowest mobility
and inactive form (Fig. 3, Lane 2), correlating with a loss of the

histone H! kinase activity (Fig. 3, lower panel). Treatment of the
cyclin B!-immunoprecipitates with purified, bacterially expressed

GST-Cdc25C converted nearly all of the Cdc2 to the fastest mobility,
active form, correlating with an increase in kinase activity. This datum
also shows that an associated inhibitor was probably not a factor in the

inactivation of Cdc2 after DNA damage. This is in contrast to Cdk2,

where no activation of Cdk2 was observed when Cdk2-immunopre

cipitates derived from cells irradiated with UV were treated with
GST-Cdc25B; this can be explained by the fact that Cdk2 was already
associated with the inhibitor p2!@P@@@uhlafter DNA damage (48). But

...Hi we cannot rule out the possibility that a weakly bound inhibitor of
Cdc2 was washed off during the immunoprecipitation. The converse
treatment of the active cyclin B l-Cdc2 complex with recombinant
GST-WeelHu in the presence of Mg2@-ATP shifted Cdc2 to the

Hi slower mobility forms and inhibited its kinase activity. Because

Wee!Hu can only phosphorylate Tyr'5 and not Thr14, both the singly
and doubly phosphorylated forms of Cdc2 were present after phos
phorylation by GST-WeelHu (Fig. 3, Lane 5).

Inactivation of Cdc2 by DNA Damage Overcomes the Stabii
zation of Cdc2 ACtivity by the Spindle Microtubule-Assembly
Checkpoint. When cells were locked in early M phase with the
microtubule-depolymerizing drug nocodazole, the histone Hl kinase

containing medium. After 6 h, the cells were treated with aphidicolin and incubated for an
additional 12h. Cells were released from the aphidicolin block by washing and incubation
with fresh medium. The cells were either untreated (top) or treated with UV irradiation
(bottom) at 4 h after release from aphidicolin block and harvested at the indicated time

points for FACS analysis. B, cell extracts were prepared at the indicated time points. either
untreated (Lanes 1â€”8)or irradiated with UV at 4 h after release from aphidicolin block
(Lanes 9â€”13),and the kinase activities associated with the immunoprecipitates of cyclin
B] (top)andcyclin A (bottom;from200 @gof cell extract)usinghistoneHl as a substrate
were assayed as described in â€œMaterialsand Methods.â€•In C. the relative amounts of p53
(top) and@ (bottom) were detected by immunoblotting of total cell lysates (10
@sg).in D. cyclin Bl was immunoprecipitated from cell extracts (200 @sg),and the Cdc2

that associated with cyclin BI was detected by immunoblottingwith an anti-Cdc2
monoclonalantibody.The positionsof the threeCdc2 bandsdetectedare indicated.In E.

2 3 4 5 6 7 8 9 10 11 12 13 cyclin A was immunoprecipitatedfrom cell extracts(200 pg), the Cdc2 and Cdk2 that
were associated with cyclin A were detected by immunoblotting with an anti-PSTAIRE

Fig. 1. Cell cycle arrest and inactivation of Cdc2 after DNA damage in synchronized monoclonal antibody (top), and the@ that was associated with cyclin A was
cells. In A, Swiss 3T3 cells were arrested at early S phase by first arresting cells in G0 by detected by an anti@p2lCPl@@antibody (bottom). The positions of the Cdc2, Cdk2, and
serum starvation and then releasing them into the cell cycle by the addition of serum- the M@38,000 alternatively spliced form of Cdk2 are indicated.
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Cdc2 ACTIVITY AND DNA DAMAGE

the spindle microtubule-assembly checkpoint using nocodazole or
Taxol, cyclin AIB-Cdc2 complexes are held in an active state, as
manifested by the lack of Thr'4/Tyr'5 phosphorylation. However, the
signal that induces Thr'4ffyr'5 phosphorylation and inactivation of
Cdc2 from the DNA damage checkpoint can apparently override the

Cdk2 signal from the spindle microtubule-assembly checkpoint that main

tains Cdc2 activity; hence, Cdc2 kinase activity was turned off.
Cdkl@ Thr'4iTyr'5 Phosphorylation Could Simply Be a Result Rather

Than a Cause of Cydin B-Cdc2 Inactivation. The phosphorylation
CyclinDl of Cdc2 Thr'4iTyr'5 is tightly regulated by feedback loops. Activated

CyclinG@ â€” Cdc2 modulates the activities of its upstream regulators, activating

1@_2 Cdc25C and inactivating WeelHu, either through direct phosphoryl

ation by Cdc2 or by indirect mechanisms (reviewed in Ref. 63). Given
that DNA damage-induced inactivation of Cdc2 was associated with
Thr'4fTyr'5 phosphorylation, a key question is whether Cdc2 macti
vation was caused by phosphorylation, or rather whether inactivation
resulted in phosphorylation.

To study the relationship between Thr'4/Tyr'5 phosphorylation and
the kinase activity of Cdc2 itself, we inhibited the kinase activity of
cyclin-Cdc2 using a specific chemical CDK inhibitor, butyrolactone-I
(53,64),eitherin thepresenceof absenceof DNAdamage.Treatment
of growing Swiss 3T3 cells with butyrolactone-I for 12 h inhibited the
kinase activity of cyclin B!-Cdc2, although cyclin Bl-Cdc2 com
plexes were present as shown by probing the cyclin B ! immunopre
cipitates with anti-Cdc2 antibodies (Fig. 5, Lane 3). Significantly, all

A uv + + + + -
Kinaseassay@@ 6 12 12 hr
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Fig. 2. Persistence of cyclin-Cdc2 complexes after DNA damage. In A, Swiss 3T3 cells
were arrested in G0 by serum starvation as described in â€œMaterialsand Methods.â€•Cells
were released into the cell cycle by the addition of serum, and after 6 h, nocodazole was
added, and the cells were either untreated (Lanes 1â€”5)or irradiated with UV (Lanes
6â€”JO).The cells were harvested at the indicated time after nocodazole/irradiation treat
ment, and the histone Hl kinase activities associated with Cdc2 immunoprecipitates (from
200-pi cell extracts) were measured (upper panel). The cyclin Bl (middle panel) and
cyclin A (lower panel) that were associated with the Cdc2 immunoprecipitates were
detected by immunoblotting with the corresponding antibodies. In B. cell extracts (200
@sg)from the 24-h time points in the absence (Lane 1) or presence (Lane 2) of UV
irradiation shown in A were immunoprecipitated with anti-cyclin A antibody, and the
immunoprecipitates were immunoblotted with anti-Cdc2 antibody (top panel). Total cell
extracts (10 g.tg)were subjected to SDS-PAGE and immunoblotted with specific antibod
ies raised against Cdc2, Cdk2, Cdk7, cyclin Dl, and cyclin G as indicated.
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activity associated with cyclin B1-Cdc2 was stabilized, and the asso
ciated Cdc2 was all in the Thr'4fryr'5-dephosphorylated form (Fig.
4A). This kind of spindle-assembly checkpoint is a key control point
in eukaryotic cells (reviewed in Ref. 42). Surprisingly, treatment of

nocodazole-arrested cells with Adriamycin or UV irradiation resulted
in the loss of cyclin B1-Cdc2 kinase activity and an increase in the

Thrt4iTyr'5-phosphorylated forms of Cdc2 (Fig. 4A, Lanes 2â€”4).
Similarly, treatment of cells with the microtubule-stabilizing drug

Taxol (62) blocked cells in M phase with high cyclin B 1-Cdc2-
associated kinase activity (Fig. 4B). Treatment of Taxol-arrested cells
with Adriamycin or UV irradiation reduced the kinase activity asso
ciated with both cyclin B 1 and cyclin A and increased the Thr'4/
Tyr'5-phosphorylated forms of Cdc2, although the changes were not

as striking as in nocodazole-arrested cells.

These data indicate that when M phase is blocked by activation of

Adriamycin - +

CyclinBi â€¢@ .â€¢ *. s-Hi

123456

Fig. 3. Modulation of the gel mobility and kinase activity of cyclin Bl-Cdc2 by
Thr'4T1'yr'5 phosphorylation. Growing Swiss 3T3 cells were either untreated (odd
numbered lanes) or treated with Adriamycin (even-numbered lanes) as described in
â€œMaterialsand Methods.â€•Cell extracts were prepared, and 200 @gwere immunoprecipi
tated with anti-cyclin B1 antibody. The immunoprecipitates were incubated with 100 ng
of purified GST (Lanes 1 and 2), GST-Cdc25C (Lanes 3 and 4), or GST-WeelHu (Lanes
5 and 6) in 10 @slof kinase buffer containing 50 psi AlP at 23Â°Cfor 30 mm. The histone
Hl kinase activities were then assayed. The samples were resolved by 17.5% SDS-PAGE
and immunoblotted with anti-Cdc2 antibody (top; the three forms of cyclin BI-associated
Cdc2 are indicated), and the phosphorylation of histone Hl was detected with a Phos
phorlmager (bottom).
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Fig. 4. Inactivation of Cdc2 activity after DNA damage in nocodazole- or Taxol
arrested cells. In A, Swiss 3T3 cells were arrested in M phase with nocodazole for 48 h
as described in â€œMaterialsand Methods.â€•The cells were either untreated (Lane 5) or
irradiated with IJV (Lanes 1â€”4)and incubated with medium containing nocodazole. At the
indicated times, cells were harvested, and cell extracts were prepared. The cell extracts
(200 @g)were immunoprecipitated with anti-cyclin Bl antibody, and the histone Hi
kinase activity was measured (top). The Cdc2 that was associated with cyclin Bl was
detected by immunobloningwith anti-Cdc2monoclonalantibody(bottom).In B. Swiss
3T3 cells were arrested in M phase with Taxol for 48 h as described in â€œMaterialsand
Methods.â€•The cells were either untreated (Lanes 5 and 10) or treated with Adriamycin
(Lanes 1â€”4and 6â€”9)and incubated with medium containing Taxol. At the indicated
times, cells were harvested, and cell extracts were prepared. The cell extracts (200 @sg)
were immunoprecipitated with anti-cyclin Bl (Lanes 1â€”5)or anti-cyclin A (Lanes 6â€”10)
antibodies, and the histone Hl kinase activity was measured (top). The Cdc2 and Cdk2
that associated with cyclin Bl and cyclin A was detected by immunoblotting with
anti-PSTAIRE monoclonal antibody (bottom).
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Fig. 5. Inactivation and phosphorylation of Cdc2 caused by butyrolactone-I. Growing
Swiss 3T3 cells were treated with 50 psi butyrolactone-I (Lanes 3 and 4) in the absence
(Lanes I and 3) or presence (Lanes 2 and 4) of Adriamycin. After growing for 12 h, the
cells were harvested, and cell extracts were prepared. The cell extracts (200 @.tg)were
immunoprecipitated with anti-cyclin Bl antibodies, and the kinase activity against histone
Hi was assayed (top). The Cdc2 thatassociatedwith cyclin Bl was detectedby immu
noblotting with an anti-Cdc2 monoclonal antibody (bottom).

of the cyclin B!-bound Cdc2 was shifted to the Thr'4/Tyr'5-phospho
rylated form in butyrolactone-I-treated cells. Thus, butyrolactone-I
caused a similar inactivation and phosphorylation of Cdc2 as DNA
damaging agents like Adriamycin (Fig. 5, Lane 2). We also found that
the rate of cyclin B!-Cdc2 inactivation by butyrolactone-I was com
parable to that of Thr'4ffyr'5 phosphorylation (data not shown). In

this connection, it should be noted that we have assumed that buty
ro!actone-I binds directly to cyclin B!-Cdc2 and inhibits its kinase
activity independent of regulation by Thr'4!Fyr'5 phosphorylation,
but like all inhibitors, there is the caveat that other protein kinases are
also affected by butyrolactone-I. It is also possible that butyrolac
tone-I induces DNA damage or affects other cellular processes.

With these data in mind, it is clear that one cannot conclude that the
phosphorylation of Thr'4/Tyr'5 is the prime factor that turns off Cdc2
based solely on a correlation between Cdc2 activity and Thrt4!Fyr'5
phosphorylation. This is because the positive feedback loop that
regulates Cdc2 is sufficiently powerful that Thr'4/Tyr'5 phosphoryl
ation of Cdc2 may simply be a secondary event caused by a small
reduction in Cdc2 activity, rather than being the initial cause of Cdc2
inactivation.

Caffeine Induces Dephosphorylation of Cdc2 after DNA Dam
age Independent of Cdc2 Kinase Activity. The Thr'4tTyr'5 phos
phorylation of Cdc2 observed after DNA damage-induced cell cycle

arrest was not an irreversible event. Caffeine is able to uncouple
mitosis from the completion of DNA replication in BHK cells blocked
with hydroxyurea (65) or from UV irradiation-induced cell cycle
arrest in muntjac cells (66), leading to Cdc2 activation (67, 68). In
Swiss 3T3 cells blocked at the G2-M boundary with Adriamycin, the
kinase activities associated with cyclin Bl-Cdc2 and cyclin A-Cdc2/
Cdk2 were relatively low. Addition of caffeine to these cells caused
the activation of cyclin A-CDK and cyclin B!-Cdc2 kinase activity;
their activities peaked at 6 and 9 h, respectively (Fig. 6A). Therefore,
the normal mechanisms that keep Cdc2 phosphorylated on Thr14/
Tyr'5 upon activation of the DNA damage checkpoint could be
overridden by caffeine.

After DNA damage by Adriamycin, cycin B1-Cdc2 complexes still
persisted, but the Cdc2 that associated with cyclin Bi was in the
slowest mobility (â€˜fl@'4and Tyr'5 phosphorylated) form. On addition
of caffeine, Cdc2 was dephosphorylated concomitantly with an in
crease in its kinase activity (Fig. 6B). Immunoblotting of total cell
extracts with specific antibodies revealed that cyclin A and cyclin B!
were destroyed 12 h after treatment with caffeine, corresponding to
the loss of their associated kinase activities (Fig. 6C).

Using this system, we next investigated whether Cdc2 was still
dephosphorylated when the G2 DNA damage checkpoint was uncou
pled with caffeine in the absence of Cdc2 kinase activity. As described
above, when Adriamycin-arrested cells were incubated in medium
containing caffeine, cycin B!-Cdc2 was activated, and Cdc2 was
concomitantly dephosphorylated (Fig. 7A). When DNA damage
arrested cells were treated with both caffeine (to uncouple the DNA
damage checkpoint) and butyrolactone-I (to inhibit cyclin-Cdc2 ac
tivity) together, cyclin B!-Cdc2 was not activated. Intriguingly, Cdc2
was still dephosphorylated, although its activity was inhibited by
butyrolactone-I. These data show that under these conditions, dephos
phorylation of Thr'4!Fyr'5 was not absolutely dependent on the pos
itive feedback loop initiated by Cdc2. These results also support the
idea that Cdc2 Thr'4fryr'5 can be dephosphorylated by a mechanism
independent of the Cdc2 feedback loop, and this Cdc2 activating
mechanism is inhibited by DNA damage and can be reactivated by
caffeine.

In the previous experiment, it is striking that cyclin B!-Cdc2
isolated from butyrolactone-I-treated cells remained inactive, al
though Cdc2 was dephosphorylated (Fig. 7A, Lane 13). Butyrolac
tone-I is an AlP binding competitor with high specificity toward
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Fig. 6. DNA damage-induced inhibition of cyclin-Cdc2 can be uncoupled by caffeine.
GrowingSwiss3T3cellsweretreatedwithAdriamycinfor24h asdescribedinâ€œMaterials
and Methods.â€•The cells were then incubatedin mediumcontainingAdriamycinalone
(Lanes 1â€”4)or Adriamycin and caffeine (Lanes 5â€”8).Cells were harvested at the
indicated times after the addition of caffeine and cell extracts prepared. In A, cell extracts
(200 @g)were immunoprecipitated with anti-cyclin Bl (top) or anti-cyclin A (bottom)
antibodies, and the histone HI kinase activities were assayed. In B. the cyclin BI
immunoprecipitates described in A were resolved by SDS-PAGE and immunoblotted with
an anti-Cdc2 monoclonal antibody. In C, total cell extracts (10 @.tg)were resolved with
SDS-PAGE and immunoblotted with antibodies against Cdc2, cyclin Bl, cyclin A, and
Cdk2 as indicated.
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extracts, we used an indirect assay that measures the activation of

cyclin Bl-Cdc2 complexes by Cdc25C (Fig. 8B). The substrates for
Cdc25C were inactive cyclin B!-Cdc2 complexes (Thrt4 and Tyr'5
phosphorylated) isolated from cells treated with Adriamycin using a
reversible immunoprecipitation technique (55). The cyclin Bl-Cdc2
complexes were incubated with Cdc2SC-immunoprecipitates from
extracts derived from either growing cells or Adriamycin-treated
cells; the relative activity of Cdc25C was measured as the increase in

cyclin B!-Cdc2 kinase activity against histone Hi. We found that
Cdc25C from DNA damage-arrested cells consistently had lower
phosphatase activity than Cdc25C from growing cells (Fig. 8B); but

the magnitude of the effect was relatively modest. Preliminary data
indicated that when the DNA damage checkpoint was uncoupled with
caffeine (leading to the dephosphorylation ofCdc2 â€˜fl&4/Tyr'5)in the
absence of Cdc2 kinase activity (treated with butyrolactone-I, see Fig.
7A), the phosphatase activity of Cdc25C was also moderately in
creased.5 This further supports the notion that Cdc25C is activated by

a mechanism independent of the Cdc2 feedback loop, and this as-yet

unidentified activator of Cdc25C is inhibited by DNA damage and
reactivated by caffeine. But clearly a more sensitive assay of Cdc2SC
needs to be developed to clarify this point.

Apart from being regulated by Cdc2 in a feedback loop, Cdc25C is
also phosphorylated and activated by the polo-like kinase P1k! (33).
No change in kinase activity of Plki toward GST-Cdc25C was de
tected when mammalian cells were treated with Adriamycin (Fig. 8C).

Cdc2 ACTIVITY AND DNA DAMAGE

CDKs (53), but the reversibility of inhibition has not been investi
gated. The fact that Cdc2 inhibition was not disrupted by the washing
steps during the immunoprecipitation procedure suggests that it may
be irreversible, or at least that butyrolactone-I is sufficiently tightly
bound to Cdc2 that it was not washed off. To assess whether the
binding of butyrolactone-I to Cdc2 was effectively irreversible, we
incubated immunoprecipitates of Cdc2 with butyrolactone-I either

before or after washing the beads, followed by measurement of the
histone Hl kinase activity. We found that the kinase activity of Cdc2

was inhibited irrespective of whether butyrolactone-I was added be

fore or after washing the beads (Fig. 7B). This suggests that under our

immunoprecipitation conditions, inhibition of Cdc2 by butyrolac
tone-I was effectively irreversible, probably because it remained
tightly associated with Cdc2, thus maintaining it in an inactive state.

The Activities of Cdc2 Upstream Regulators after DNA Dam
age. To learn which protein kinases or phosphatases might play a role
in regulating Cdc2 after DNA damage, we compared the activities of

various known Cdc2 regulators from cell extracts derived from either
growing cells or Adriamycin-treated cells. Using a kinase-inactive

mutant of GST-Cdk2 as a substrate, we observed no significant
change in the activity of CAK, the Thr@Â°kinase, after DNA damage,
or in the level of Cdk7, the catalytic subunit of CAK (Fig. 8A; data not
shown). This result is consistent with our previous studies, where we
showed that inactive Cdc2 from UV-irradiated cells could be com
pletely reactivated by Cdc25B treatment, which implied that Thr'@Â°is
fully phosphorylated in cells with DNA damage (48). We also found
no change in the activity or level of WeelHu after DNA damage (Fig.
8A; data not shown). It is of course possible that the activities of Mytl
(for which immunoprecipitating antibodies are not yet available) or
other yet-to-be-identified Cdc2-regulatory protein kinases may in
crease after DNA damage.

To measure the relative phosphatase activity of Cdc25C in the cell
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Fig. 8. The activities of CAK, WeelHu, Cdc25C, and PIkI after DNA damage. In A.
growing Swiss 3T3 cells were left untreated (Lanes 1â€”4)or treated with Adriamycin
(Lanes 4â€”8)for 24 h, before cell extracts were prepared. Cell extracts (200 jtg) were
immunoprecipitated with antibodies against Cdk7 (top) or WeeIHu (bottom). The kinase
activity against GST-Cdk2 K33R was then assayed, and the reactions were terminated by
mixing with SDS-sample buffer at the indicated time points. In B, extracts from Swiss 3T3
cells arrested with Adriamycin (200 gig) were immunoprecipitated with anti-cyclin Bl
(Lanes 1â€”3)or normal rabbit serum (Lanes 4 and 5) and released from the beads as
described in â€œMaterialsand Methods.â€•The released cyclin Bl-immune complexes were
incubated with buffer (Lane 1), or immunoprecipitates of Cdc25C from cell extracts
derived from growing cells (Lanes 2 and 4), or Adriamycin-treated cells (Lanes 3 and 5).
The histone Hi kinase activity was then assayed, and phosphorylation was analyzed by
SDS-PAGE and a Phosphorlmager. In C. growing Swiss 3T3 cells were left untreated
(Lane 1) or treated with Adriamycin (Lane 2) for 24 h. Cell extracts (200 @g)
were immunoprecipitated with antibodies against PIki. The kinase activity against
GST-Cdc25C was then assayed. and phosphorylation was analyzed by SDS-PAGE and a
Phosphorlmager. No phosphorylation of GST-Cdc25C was detected when nonnal rabbit
serum was used instead of anti-Plkl antibodies (data not shown).
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Fig. 7. DephosphorylationofCdc2 in the absenceofCdc2 kinaseactivity. InA, cell cycle
arrestwas inducedin Swiss 3D cells by treatmentwith Adiiamycinfor 24 h. Cells were then
treated with caffeine (Lanes 5â€”7and 11â€”13)and/or butyrolactone-I (Lanes 8â€”13)and
harvested at the indicated times. Cell extracts were prepared and immunoprecipitated with
anti-cyclin BI antibody (from 200 @tg).The histone HI kinase activity associated with the
immunoprecipitates was assayed (top), and the associated Cdc2 was detected by immuno
blotting with anti-Cdc2antibody(bottom).In B, Cdc2 was immunoprecipitatedfrom extracts
of growing Swiss 3T3 cells (200 gig). The immunoprecipitateswere incubated with buffer
(Lane 1) or butyrolactone-I (50 @siin 10 p.1of kinase buffer) (Lanes 2 and 3) at 4Â°Cfor 30
rain. Incubationwith butyrolactone-lwas performedeither before washing (Lane 2) or after
washing (Lane 3) the heads. The histone HI kinase activitywas then assayed,and phospho
rylation was analyzed by SDS-PAGE and a Phosphorlmager. 5 R. Y. C. Poon, unpublished observations.
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Cdc2 ACTIVITY AND DNA DAMAGE

the positive feedback loop involving Cdc2-regulatory kinases and
phosphatases, including Weel and Cdc25C, and thus they did not

distinguish whether tyrosine phosphorylation of Cdc2 was the causal

determinant of its inactivation or whether Cdc2 inactivation, brought
about by other mechanisms, led to the tyrosine phosphorylation of
Cdc2. A direct test of whether Thr'4fFyr'5 phosphorylation is impor
tant for DNA damage-induced G2 arrest has been carried out by
inducible expression of an Ala'4/Phe'5 mutant Cdc2 (Cdc2AF) in

HeLa cells (85). Expression of Cdc2AF delays but does not abolish
X-irradiation-induced G2 arrest. This indicates that Thr'4ITyr'5 phos
phorylation plays a part in the damage-induced 02 delay, but that
there are probably also other mechanisms at work.

Our results are entirely consistent with Thr14/Tyr'5 phosphorylation
playing an important role in DNA damage-induced 02 arrest. How

ever, our finding that inactivation of Cdc2 with butyrolactone-I caused

Cdc2 to be fully converted into the Thr'4ITyr'5 phosphorylated,
inactive form, indicates that the feedback loop controlling Thrt4rfyr'5
phosphorylation is very effective indeed in mammalian cells (as noted

above, this assumes that butyrolactone-I is reasonably specific for
Cdc2). In other words, any mechanism leading to the inactivation of
Cdc2 would result in its being fully phosphorylated at Thr'4/Tyr'5;
therefore, it is not possible to conclude that the primary cause of DNA

damage-induced Cdc2 inactivation is by Thr'4ffyr'5 phosphorylation
based solely on the correlation between inactivation and phosphoryl
ation. Our evidence, however, does indicates that Tl&4fFyr'5 phos

phorylation in response to DNA damage is a primary event.

What is the mechanism ofDNA damage-induced Thr'4/Tyr'5 phos
phorylation? We found that the phosphatase activity of Cdc25C, the
physiological phosphatase for phosphorylated Thr'4/Tyr'5 in Cdc2,

was modestly decreased after DNA damage. This is in agreement with

the finding that Cdc25C phosphatase activity against para-nitrophe

nylphosphate is reduced after treatment of mammalian cells with
nitrogen mustard (86). Moreover, there is evidence that Cdc25 activity

is decreased following DNA damage in fission yeast, where phospho

rylation of Cdc2 Tyr'5 has been shown to be essential for the DNA
damage response checkpoint (87), as it is in Aspergillus (88). It should

be noted, however, that the DNA damage-induced decrease in Cdc25
activity might not solely be the result of DNA damage, and it could
also be the result of the 02 cell cycle arrest, because Cdc25 is
normally more active in M phase than in G2. Additional evidence that

Cdc25 is a key target for the DNA damage checkpoint comes from
studies of Chkl, a protein kinase required for the DNA damage G2
checkpoint control that is activated upon DNA damage (15, 89). Chkl
is required for the irradiation-induced mitotic delay following macti

vation of Wee! and Mikl (87), and recent evidence indicates that

Chkl associates with and phosphorylates Cdc25 in fission yeast.6
However, it is not yet known whether this phosphorylation inactivates
Cdc25.

Although there were conflicting initial reports as to whether Weel
is required for the DNA damage response in fission yeast (90, 91),

recent studies indicate that Wed and/or Mikl and phosphorylation of
Tyrl5 in Cdc2 are essential for the DNA damage-induced 02 check
point (87). Could Wed be the target for Chkl-activated checkpoint
regulation, as one report suggests (16)? Although Chkl phosphoryl
ates Wed in vitro and induces hyperphosphorylation of Weel in vivo

(16), Chkl phosphorylation does not increase Weel in vitro activity,
and a cdc2â€”3w:iXcdc25 strain, which has wild-type Weel, is not
sensitive to Chkl overexpression or DNA damage.6 In consequence,

it seems unlikely that the DNA damage checkpoint involves modu
lation of Weel activity. We did not find any alteration in the activity

6 P. Russell, personal communication.
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DISCUSSION

DNA Damage Checkpoints. In our study, DNA damage induced
by UV and by Adriamycin were considered, for all intents and
purposes, as though they were the same. However, in asynchronously
growing cells, UV caused predominantly a G1 arrest, whereas Adria
mycin caused predominantly a G2-M arrest. It is unclear what deter
mines the different arrest points in the cell cycle caused by different
DNA-damaging agents. One difference is that UV generates a pulse of

damage, whereas Adriamycin treatment provides more continuous
DNA damage. In addition, the chemical natures of the DNA damage
induced by UV and Adriamycin are different. Similarly, nocodazole
and Taxol were used to investigate the spindle microtubule-assembly

checkpoint, although nocodazole inhibits microtubule assembly,
whereas Taxol blocks microtubule disassembly. The data presented
here were obtained with mouse Swiss 3T3 fibroblasts, but in most

cases, similar results were obtained using normal human diploid
fibroblasts (KD cells) or a chemically transformed cell line derived
from KD cells (HUT12 cells; data not shown).

When normal human diploid fibroblasts are treated with DNA
damaging agents, p53 is activated, and p53 protein levels are in

creased; p53 in turn induces the expression of p2lÂ°@'1/Waft, which
could inhibit cyclin-CDK complexes. Although@ can bind
a wide variety of cyclin-CDK complexes in vitro, it appears that in

vivo@ is responsible for the inhibition of cyclin A-Cdk2,
cyclin E-Cdk2, and partially for inhibition of cyclin D-Cdk4/6 but not

for inhibition of cyclin AIB-Cdc2 (48). p53 is inactivated in more than
50% of all human tumors, and the consequent lack of p21@@â€•t1-
mediated CDK inhibition in such cells after DNA damage is likely to
contribute to the increased risk of mutagenesis. It is unclear, however,
whether p53 is involved in the mechanism that inactivates mitotic
cyclin-Cdc2 complexes after DNA damage. The function of p53 has
been implicated in G2 arrest (69â€”72), and p53 has also been shown to

be important for the mitotic checkpoint (40), possibly due to a defect
in centrosome replication (73). We also found that embryonic fibro
blasts from p53@'@ mice did not arrest well in G2-M in response to
treatment with Adriamycin.5 Inactivation of cyclin D-Cdk4 after DNA
damage is probably achieved by a combination of CDK inhibitors,
including@ and phosphorylation of Tyrl7 in Cdk4 (48,
74). We found that cyclin Dl is the least stable of the cyclins after UV
treatment. At a slightly higher dose of UV irradiation than used here,

cyclin Dl is destroyed, whereas other cyclin-CDK complexes remain

intact; p27'@@ that is released from the cyclin Dl-Cdk4 complexes
after cyclin Dl is destroyed is transiently redistributed to cyclin
A/E-Cdk2 complexes, which may in part be responsible for the rapid
inhibition of Cdk2 kinase activity before p2lCiPl/WafI mssynthesized
(5!).

Although there is an increase in p2lCiPl/Wafl binding to cyclin
B-Cdc2 following DNA damage, only a very small portion of the total
cyclin B-Cdc2 is associated with @21C@@@i(48). There is also one
report that p16INK4Alevels are increased after UV irradiation of HeLa
cells; this correlates with the G2 delay, and, through an unknown

mechanism, may even be responsible for the G2 delay (75). Exposure
of HeLa cells to DNA-damaging agents like etoposide or nitrogen
mustard also causes a delay in the expression of cyclin B 1 mRNA
(76), and cyclin B! mRNA and protein levels are reduced in
y-irradiated HeLa cells because of increased mRNA turnover (77, 78).
However, we found that the level of cyclin B 1 protein was the same
in UV-irradiated as in control Swiss 3T3 cells.

In agreement with previous studies, we found that inactivation of
Cdc2 after DNA damage is correlated with its tyrosine phosphoryla
tion (79â€”84). However, these previous studies did not take into
account the fact that Thr'4tTyr'5 phosphorylation of Cdc2 occurs via
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of WeelHu in vitro after DNA damage in mammalian cells, consistent
with the fission yeast data. We have not checked whether Myt!
activity is changed in cells with DNA damage, although it has been
shown that Mytl, like Wee!, is not activated by unreplicated DNA in
Xenopus egg extracts (20).

In the absence of any evidence that a Thr'4fTyr'5 kinase is up
regulated by DNA damage, it is reasonable to hypothesize that DNA
damage decreases Cdc25C activity, leading to increased Thr'4fFyr'5
phosphorylation. This effect may be accentuated by the fact that as
Cdc2 activity decreases, less Cdc25C is activated. The change in
Cdc25C phosphatase activity measured in vitro was relatively small,
and it is not clear whether this could account for the increase in Cdc2
Thr'4/Tyr'5 phosphorylation in vivo. It may be that the in vitro assay
we used is not sufficiently sensitive; alternatively, other factors may

be involved in the regulation of Cdc2 kinase activity after DNA
damage. With regard to the mechanism of DNA damaged-induced
Cdc25C inactivation, we did not observe any change in the kinase
activity of Plkl toward GST-Cdc25C, suggesting that other regulators

of Cdc25C may be the target of the DNA damage checkpoint (and
possibly for caffeine). In this connection, the recently identified
mammalian Chk! homologue is activated in response to DNA damage
downstream of the ATM protein,7 and, like its yeast counterpart,
mammalian Chkl might act to down-regulate Cdc25C.

A useful comparison can be drawn between the cell cycle check
point activated by DNA damage and that activated by incomplete
DNA replication. In fission yeast, it is known that the unreplicated
DNA and DNA damage checkpoint control pathways are related but
distinct, with Chkl being unique to the DNA damage control pathway
(92). Phosphorylation of Cdc2 Tyr'5 is required for the checkpoint
that couples completion of DNA replication with entry into mitosis in

fission yeast (93) and Aspergillus (94). In fission yeast, Wee!IMik!
and Cdc25 regulate Tyr'5 phosphorylation and are the key players in
this checkpoint; combined loss of Wee! and Mik! or overexpression

of Cdc25 overcomes this checkpoint (7, 95, 96). Inactive Cdc25

accumulates to a very high level in fission yeast cells arrested in S
phase, and Cdc2 activity is low in cells arrested in S phase by the
cdc22 mutation (97). However, when cells are arrested in S phase with
hydroxyurea, Cdc2 activity remains high (98). In contrast, in budding
yeast, the phosphorylation ofCdc28 Tyr'9 (equivalent to Cdc2 Tyrl5)

is not required for the DNA replication checkpoint (99, 100), but it is
used in a bud morphogenesis checkpoint (10!). In Xenopus egg

extracts, the block imposed by unreplicated DNA can be overcome by
expression of Cdc25 (22, 102), which implies that Thr'4fFyr'5 phos
phorylation does play a regulatory role. However, when Xenopus egg
extracts are arrested with aphidicolin, the activities of Wee! and Myti
(20, 103) and Cdc25 (104) are not altered significantly. Moreover,
unreplicated DNA reduces the capacity of an Ala'4IPhe'5 mutant
Cdc2 to induce mitosis, and this has led to the idea that an as-yet
unidentified Cdc2 inhibitor is involved in the suppression of cyclin

B-Cdc2 activity in the presence of unreplicated DNA in Xenopus
(104, 105). However, we obtained no evidence that DNA damage
increases the level of an inhibitor that is stably associated with Cdc2
in mammalian cells.

Caffeine. Caffeine can induce mitotic events in mammalian cells
when DNA replication is blocked with hydroxyurea (65), and time

lapse videomicroscopy of hamster BHK fibroblasts revealed that
caffeine can induce multiple entries into mitosis when DNA synthesis

is blocked (106). Caffeine probably uncouples mitosis from DNA
synthesis and DNA damage by activation of preformed cyclin A/B-

Cdc2 complexes (67). We found that caffeine induced the activation

7 M. Hoekstra, personal communication.

DNA Damage Spindle-AssemblyCheckpoint

IIâ€”@-â€”Caffeine
Piki I

\i@@ I _
Cdc25C LCdC2 @â€˜1CydinDegradation[@@]

[@ycIin A@]
4

Weel
Myti ______

Active Inactive
Fig. 9. Model of the modulation of cyclin-Cdc2 activity by the DNA damage and

spindle microtubule-assembly checkpoints.

of cyclin A-Cdc2 and cycin Bl-Cdc2 kinases, even when the cells
were arrested in G2 by DNA damage. Unlike many human cell lines,
hamster cell lines and Swiss 3T3 cells contain high levels of cyclin

A/B-Cdc2 complexes when arrested in S phase or G2. We found that
caffeine induced dephosphorylation of Thr'4fFyr'5 in Cdc2 in DNA

damage-arrested cells, thus leading to its activation. When we delib
erately blocked the Cdc2-positive feedback loop by using butyrolac
tone-I to inhibit cycin B-Cdc2 kinase activity, dephosphorylation of
Cdc2 still occurred. It should be noted, however, that the dephospho
rylation of Cdc2 in the absence of Cdc2 activation was not observed

in a normal cell cycle (cells released from aphidicolin early S-phase
block).5 Thus, we can conclude that the dephosphorylation of Cdc2
caused by caffeine in cells with DNA damage does not require Cdc2
kinase activity, and that for caffeine-induced activation of cyclin
B-Cdc2, the dephosphorylation of Thr'4ffyr'5 is a key control step. It
is likely that caffeine acts on Cdc25C or upstream regulators of
Cdc25C. Preliminary evidence indicates that caffeine causes activa
tion of Cdc25C.5

Like caffeine, okadaic acid also overrides the cell cycle arrest
induced by unreplicated DNA (107); it is possible that caffeine and
okadaic acid activate Cdc2 through a common pathway. p53 may also
play a role in caffeine-induced uncoupling of DNA damage check

point, because p53@ cells are more sensitive than p53@'@ cells to
Uv irradiationin the presenceof caffeine(!08).Uncouplingof
normal DNA damage-induced cell cycle arrest by caffeine could
contribute to the increased risk of mutagenesis. The action of caffeine

appears to be specific for the DNA damage checkpoint; we did not
observe uncoupling of the microtubule-assembly checkpoint by cal
feine.5

The Spindle Microthbule-Assembly Checkpoint. The signal
from damaged DNA that leads to the inactivation of Cdc2 may
intersect with the signal from improperly assembled spindle microtu
bules, which stabilizes Cdc2 activity. The possible mechanisms that
underlie the spindle-assembly checkpoint are reviewed in Rudner and
Murray (42). The spindle-assembly checkpoint probably stabilizes
Cdc2 activity by preventing cyclin B! destruction, whereas the DNA
damage checkpoint inactivates Cdc2 by causing TKr'4fFyr'5 phospho

rylation. We found that inactivation of Cdc2 by DNA-damaging
agents is dominant over the stabilization of Cdc2 activity by nocoda
zole or Taxol. This can be explained by the fact that the inhibition of
Cdc2 by Thr'4tTyr'5 phosphorylation is dominant over the activation
of Cdc2 by cyclins (2). This is consistent with the observation that
when Cdc2 was inactivated by DNA damage in nocodazole or Taxol

blocked cells, the cells still remained in G2-M and did not proceed into
G1.5 The activity of Wee!Hu is suppressed during M phase, when
Wee!Hu is hyperphosphorylated and degraded (9â€”11). Hence, the
phosphorylation of Cdc2 in nocodazole-arrested cells induced by
DNA damage is likely to be carried out by Myt! or other as-yet
unidentified Thr'4tTyr'5 kinases.
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In summary, we propose that DNA damage may inhibit the activity
of mitotic Cdc2 in part by reducing the phosphatase activity of

Cdc25C, thus leading to increased phosphorylation at Thr'4fFyr'5 in
Cdc2. The inactivation of Cdc25C may be accentuated by the lack of
the Cdc2-positive feedback loop. However, the activity of the only
known upstream activator of Cdc25C, P1k!, was not affected by DNA
damage; hence, other mechanisms, such as Chkl phosphorylation,

may regulate the activity of Cdc25C after DNA damage (Fig. 9).
Finally, it is worth noting that there are striking parallels between the
mechanisms of DNA damage-induced G2 arrest in fission yeast and in
mammalian cells, implying that this is an evolutionary conserved
checkpoint.
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