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Cdc25 Mitotic Inducer Targeted by Chkl DNA 
Damage Checkpoint Kinase 

Beth Furnari, Nicholas Rhind, Paul Russell* 

Arrest of the cell cycle at the G, checkpoint, induced by DNA damage, requires inhibitory 
phosphorylation of the kinase Cdc2 in both fission yeast and human cells. The kinase 
Wee1 and the phosphatase Cdc25, which regulate Cdc2 phosphorylation, were eval- 
uated as targets of Chkl,  a kinase essential for the checkpoint. Fission yeast cdc2-3w 
lcdc25 cells, which express activated Cdc2 and lack Cdc25, were responsive to Wee1 
but insensitive to Chkl and irradiation. Expression of large amounts of Chkl produced 
the same phenotype as did loss of the cdc25 gene in cdc2-3w cells. Cdc25 associated 
with Chkl in vivo and was phosphorylated when copurified in Chkl complexes. These 
findings identify Cdc25, but not Weel, as a target of the DNA damage checkpoint. 

Eukaryotic cells have cell cycle check- 
points that arrest division in response to 
DNA damage (1,  2). In the case of darnage 
inflicted during the G, phase of the cell 
cycle (gap of time after DNA synthesis, but 
before mitosis), arrest occurs before the on- 
set of mitosis. In metazoans, G2 checkpoints 
are important for the n~aintel~ance of ge- 
nome integrity, allowing time for the repair 
of damaged DNA, or, in the case of severe 
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damage, for activation of programmed cell 
death. In haploid yeast the G2 checkpoint is 
required for viability. Understanding how 
the checkpoint signal intersects with the 
central lnachinery controlling progression 
from the G2  to the M phase is a major goal 
of current cell cycle studies. 

In the fission yeast Schi~osaccharomyces 
pombe, checkpoint arrest in the G?  phase 
requires a large number of proteins, many 
of which are believed to play a direct role 
in DNA repair. These proteins include 
Rad3, a kinase related to the ATM protein 
that is defective in ataxia telangiectasia 
patients (3) .  Damaged DNA is presumed 

to activate C h k l ,  a protein kinase that is 
essential for the checkpoint arrest (4-6). 
The  ultimate target of the checkpoint sig- 
nal is believed to be Cdc2, the cyclin- 
dependent kinase that induces m~tosis. In 
the normal cell cycle of fission yeast and 
mammalian cells, the timing of mitosis is 
determined by the inhibitory phosphoryl- 
ation of Cdc2 (7).  In fission yeast this 
phosphorylation occurs on Tyr" and is 
catalyzed by the kinases Wee1 and Mikl ,  
with Wee1 being the most active. Dephos- 
phorylation of Tyrl' and consequent in- 
duction of lnitos~s is catalyzed by the phos- 
phatase Cdc25. The indi~ction of mitosis is 
thought to be facilitated by activation of 
Cdc25 and inhibition of Wee1 activity 
during the G,-M transition. Initial studies 
suggested that the DNA damage check- 
point operated independently of tyrosine 
phosphorylation of Cdc2 (8, 9 ) ,  but a 
more recent analysis established that in- 
hibitory phosphorylation of Tyrl' is essen- 
tial for the checkpoint (10). These find- 
ings suggest several lnechanislns for Chk l -  
mediated regulation of Cdc2, including 
the Chkl-dependent activation of Wee1 
or inhibition of Cdc25 (1 0 ,  1 1 ) .  W e  de- 
signed genetic and biochemical experi- 
ments to test these possibilities. 

Cells of the genotype u~eel-50 Amikl, 
which lack Mikl and express temperature- 
sensitive Wee l ,  undergo rapld dephospho- 
rylation of Cdc2 011 Tyr15 and induction of 
mitosis when shifted to the restrictive 
temperature (1 2) .  Irradiation of these cells 
before the temperature shift causes delay 
of dephosphorylation of Cdc2 and of entry 
into mitosis (1 0) .  Thus, irradiation induc- 
es a transient ceJl cycle arrest after inac- 
tivation of Tyrl' kinases, potentially by 
inhibition of Cdc25 activity. A n  experi- 
ment was performed to determine whether 
this delay was due to an authentic check- 
point mediated by C h k l  kinase. For this 
experiment we used chkl+ and Achkl al- 
leles in a weel -50 Amikl background. 
Cells synchronized in early G 2  phase were 
exposed to gamma irradiation or mock 
irradiated and then shifted from 25" to 
35°C. Irradiation caused a -60-~nin delay 
of mitosis in the chklT cells (Fig. I ) .  This 
delay is attributable to a reduction in the 
rate of dephosphorylation of Cdc2 on 
Tyr15 (10). In contrast, gamma irradiation 
did not delay mitosis in Achkl cells (Fig. 
1 ) .  Therefore, Chk l  is required for the 
irradiation-induced delay of mitosis ob- 
served after inactivation of Wee1 and 
Mikl kinases. 

These findings implicate Cdc25 as a po- 
tential target of Chkl  regulation, but they 
do not indicate whether Wee1 may also be 
regulated by Chkl .  We  used a cdc2-3w 
Acdc25 strain to address this question. The 
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cdc2-3w mutation is a dominant active al- 
lele that relieves the requirement for Cdc25 
but leaves Cdc2 responsive to Weel. The 
latter point is evident from the observations 
that cdc2-3w weel-50 cells undergo lethal 
premature mitosis when incubated at 35°C 
and that cdc2-3w cells are sensitive to in- 
creased weel+ gene dosage (13, 14). In 
addition, elimination of the kinase Niml , 

, an inhibitor of Wee1 (15-18), causes a 
large increase in the size of cdc2-3w Acdc25 
cells, indicative of a G2 delay resulting from 
increased Wee1 activity (1 9). 

If Chkl activates Weel, then cdc2-3w 
Acdc25 cells should undergo an irradia- 
tion-induced checkpoint delay or arrest. 
However, whereas wild-type cells under- 
went cell cycle arrest in response to gam- 
ma irradiation, cdc2-3w Acdc25 cells did 
not (Fig. 2A). The irradiated cdc2-3w 
Acdc25 cells underwent division at a size 
equivalent to the mock-irradiated cdc2-3w 
Acdc25 cells. Expression of large amounts 
of a fusion protein of glutathione-S-trans- 
ferase (GST) with Chkl induces G2 arrest, 
presumably by inappropriate activation of 
the checkpoint signal (5, 10, 20). Where- 
as wild-type cells underwent cell cycle 
arrest in response to GST-Chkl expres- 
sion, cdc2-3w Acdc25 cells were insensi- 
tive (Fig. 2B). The cdc2-3w Acdc25 cells 
that expressed GST-Chkl continued to 
divide at a rate and cell size that was 
equivalent to that of cdc2-3w Acdc25 cells 
in which GST-Chkl expression was re- 
pressed. 

These studies indicate that the DNA 

damage checkpoint does not activate Wee1 
because cdc2-3w Acdc25 cells respond to 
increased Wee1 activity but are i v i t i v e  
to irradiation and expression of GST-Chkl. 
This conclusion is consistent with the fact 
that weel - cells undergo cell cycle arrest in. 
response to irradiation (8). Moreover, 
GST-Chkl expression in Aweel cells led to 
the appearance of elongated cells, although 
the response of Aweel cells was delayed 
relative to that of wild-type cells (Fig. 2B). 
This delay may account for the previous 
failure to observe an effect of Chkl overex- 
pression in Aweel cells (I 1 ). 

Although the cdc2-3w allele bypasses 
the requirement for Cdc25, cdc2-3w cells 
remain responsive to changes in Cdc25 ac- 

tivity. This conclusion is derived from the 
observation that cdc2-3w cells divide at a 
length of -9 pm, whereas cdc2-3w A d 2 5  
cells divide at -17 pm (13). If Chkl pri- 
marily acts by inhibiting Cdc25, then ex- 
pression of large amounts of GST-Chkl in a 
cdc2-3w background should result in the 
same phenotype as mutational inactivation 
of Cdc25. As ~redicted by this hypothesis, 
cdc2-3w cells that overexpressed Chkl un- 
derwent division at a size that was very 
similar to that of cdc2-3w A d 2 5  cells (Fig. 
2B); 

We tested whether the checkpoint 
mechanism might involve a close interac- 
tion between Cdc25 and Chkl. Lysates 
from cells expressing functional GST- 

- 
A ated Mock Irradiated hkl I 

Fig. 2. Responses of fission yeast strains to gam- - 
ma radiation and expression of GST-Chkl. (A) 
Asynchronous wild-type (PR109) and cdc2-3w 
Acdc25 (GL192) cells growing in YES liquid me- 3 
dium at 25°C were irradiated at 3 Gy min-' or O 

mock irradiated and photographed after 6 hours. 
Wild-type cells ceased division and became elon- 
gated in response to irradiation, exhibiting a typi- 
cal checkpoint response. Irradiated cdc2-3w 
Acdc25 cells continued division at a cell length 
that was not significantly different from the mock- 
irradiated control. (B) Wild-type (BF1921), cdc2- 
3w Acdc25 (BF1910), cdc2-3w (BF191 I ) ,  and 
Aweel (NR1970) strains having an integrated nmr 1:ba I -cnl Jcr were gr 
derepressed (EMM2, nrnt1:GST-chkl on) or repressed (EMM2+B1, nmt1:GST-chkl oft) expression of 
GST-Chkl from the thiamine-repressible nmtl promoter (25). Cells were photographed after 16 hours 
(27 hours in the case of NR1970) at 30°C. Expression of GST-Chkl caused cell cycle arrest in wild-type 
cells, whereas cdc2-3w Acdc25 cells continued to divide. Cells of the genotype cdc2-3w became 
moderately elongated in response to GST-Chkl expression, dividing at a size sim~lar to that of cdc2-3w 
Acdc25 cells. Elongated Aweel cells first appeared at -22 hours after incubation in derepressing 
medium. Numbers in panels refer to cell length at division. Scale bars represent 22 pm. 

4 weel-5OAmikl Achkl - y 
t weel-50Amikl Achkl + y 
4 weel-50Amikl-  y 
t w e e l - 5 0  Amikl + y 

100 I 
k7' constn own in mec 

Fig. 3. Association of Cdc25 with GST-Chkl in vivo and phosphoryl- 
ation of Cdc25 in GST-Chkl complexes in vitro. (A) GST or GST-Chkl 
were expressed in cells in which genomic cdc25+ was replaced with 
cdc25:6HA, a functional cdc25 construct containing a sequence en- 
coding six tandem copies of the hemagglutinin (HA) epitope (26). GST 
and GST-Chkl were purified by GSH-Sepharow chromatography. Im- 
munoblotting with antibody to GST (bottom panel) detected GST as a 
-27-kD protein (lane I), whereas GST-Chkl was detected as a full- 
length -80-kD fusion protein together with -65, -63, and -27-kD 2 
presumptive degradation products (lane 2). lmmunoblotting with anti- 
body to HA (top panel) detected HaCdc25 (gene product of HaCdc25 

cdc25:6HA) in association with GST-Chkl . (B) Incubation of GST and 
GST-Chkl complexes with [y-32P]ATP followed by immunoprecipitatii with antibody to Cdc25 
showed that Ha-Cdc25 became phosphorylated in the GST-Chkl complexes (lane 2), whereas no 
Ha-Cdc25 was detected in association with GST (lane 1) (27). 

Minutes after elutriation 

Fig. 1. Requirement of Chkl for the radiation- 
induced delay of mitosis that occurs after inacti- 
vatii of Wee1 and Mikl Mnases: Synchronous 
cultures of weel-50 h i k l  (PR754) or weel-50 
Amikl Achkl (NR1604) cells in early G, phase 
were split and irradiated with 100 Gy of gamma 
radiation (+y) or mock irradiated (-7). The cul- 
tures were then shiied to 35°C to inactivate 
Weel-50 protein. Cell cycle progression was 
monitored by counting the percent of cells under- 
going septation (24). 
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C h k l  t ~ i s ~ o n  protcln or ~ i n t ~ i s e ~ l  G S T  \\-ere 
analyreil by  glutathione (GSH)-Sep l i a roe  
precipitation follo\ved I3y i i i i rn~u~~ol~ lo t -  
ting. GST-Chl t l  precipitated w ~ t h  CJc25.  
n-hereas n o  Cdc25 \vas detected 111 associ- 
ation nit11 G S T  (Fig. 3X). I n c u l ~ a t ~ o i i  of 
GST-Clhkl n-it11 associated Cdc??  In the  
presence of [y-"P]adcnosinc tril3hosphate 
(ATP) resulteil in  pliospliorvlatioi~ of 
C d c 2 i  (Fig. 3B). s~iggestlr-ig tliat Cclc2i 
mav be a dlrcct s~ilistrate of C h k l  k~nase .  
C h k l  p r o t e n  p ~ i r i f ~ e d  from a n  insect cell 
espres.ion iy.tcm yhoq~liorylated Cdc??  
111 vitro (21 ). 

Activation of the  DKA damage check- 
point recluirei Racli, a ltiiiase related to tlie 
XThl protein that is detecti1.e in ataxia 
tt.langiecta.~a patient> (3 ). LJNA clamage 
leads to  increased pllo.~~llorylatii)i~ i)f C h k l  
by a Rad3-dependent procea>, sug:cctlng 
that Cl ikl  lilay be activated I3y phosl3ho- 
rylation (5). Our  ctudies iLlentify CLlc25 as 
a key, p)ssihl!- direct, target of C h k l .  In  
; ~ i l i l ~ t ~ o n .  these filldings escl~icie X7eel as 
,311 important C h k l  substrate. Therefore, 
\ye I3ropo.e tliat Rat l i -depen~ient  activa- 
t1o11 o t  Cl ikl  leads to  negatlve r q u l a t i o n  
of Cdc??  (Fiy. 4) .  Thi. negative regula- 
t ion may occur by direct ~ n h i l ? ~ t i o n  of 
Cdc25 activity, prevention o t  the  actil-a- 
t ion of Cdc??  that occurs a t  the  G,-M 
ti-ansition, ar  interference in the  interac- 
t ion b e t \ ~ e e n  Cdc?5 and Ccic?. I n l l i h ~ t o r ~  
pl~ospl loryla t~on of Cdc? is c ruc~a l  for G, 
DK.4 dalilae arrest in mam~i ia l i a~ l  cclla 
( 2 2 ,  23).  I11 these cells it I not  k n o n n  
n~he the r  this arrcqt 13 I3rought about I3y 
~ n l l i l ~ ~ t i o n  o t  Cdc2 dep l~~)sy l lo r~ la t i i , n ,  iior 
is it k i loan  if ~ n a ~ i i ~ i i a l s  have a C h k l  
liomolog. H o \ ~ e \ . e r ,  In \-it\\- o t  the  ,\triking 
ilerrec of liomology ot  mitotic control 
rnechani.ms in fi.sion yeast and mammalc, 
L1.e expect that tlie 5. p o ~ n b e  checkpoi~i t  
control n.111 serve as a uref~il parailiyin for 
in \ ,es t~gat~ng the LJKLA damage c11ecl;~oint 
mechanism in Inore co~iiplcx organisms. 

Rad3 + 
Chkl 

Cdc25 

Cdc2 dc2(Tyri5-PO,) 

Active weel.~ikl  Inhibited 

Fig. 4. lvlode of the DNA damage checkpo1,it 
~ech2n ls ln  r 7  f~ss~on yeast. Rad3 2nd Chkl kl- 
nases Ere rey~. red for the c-eckpoini Chkl ur7- 
dergoes a Rad3-depende)ii phosphorl/laion 11 r -  
radated cells and C-k' overexpresson 1,iduces 
cell cycle arrest by a Rad31ndependent lnecha- 
nsni (201, r7ccatng tiiat Ciikl actv2ton 13 regu- 
2ied b!, Rad3. perhaps oy drect phospholyaton. 
Ciik: nhiolts Cdc25 ar7d thereby prevents Cdc2 
Tyr dephosphorl/latio~i 
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Censervation of the Chkl Checkpoint Pathway 
in Mammals: Linkage of DNA Damage to Cdk 

Regulation Through Gdc25 
Yolanda Sanchez, Calvin Wong, Richard S. Thoma, 

Ron Richman, Zhiqi Wu, Helen Piwnica-Worms, 
Stephen J. Elledge* 

In response to DNAdamage, mammalian cells prevent cell cycle progression through the 
control of crltical cell cycle regulators. A human gene was identified that encodes the 
protein Chkl, a homolog of the Schizosaccharomycespombe Chkl protein kinase, which 
is required for the DNA damage checkpoint. Human Chkl protein was modified in 
response to DNA damage. In vitro Chkl bound to and phosphorylated the dual-spec- 
ificity proteln phosphatases Cdc25A, Cdc25B, and Cdc25C, which control cell cycle 
transitions by dephosphorylating cyclin-dependent kinases. Chkl phosphorylates 
Cdc25C on serine-216. As shown in an accompanying paper by Peng etal. in this issue, 
serine-216 phosphorylatlon creates a binding site for 14-3-3 protein and inhibits function 
of the phosphatase. These results suggest a model whereby in response to DNA damage, 
Chkl phosphorylates and inhibits Cdc25C. thus preventing activation of the Cdc2-cyclin 
B complex and mitotic entry. 

C e l l  cycle checkpoints are regulatory patli- cal ex-tilts sucli as LJKX replicat~on and 
\vays tliat c ~ i i t r o l  the order and timing of chromosome >egregation are completed 
cell cycle t ransi t ion and ensure tliat c i - I~ I -  with higli f idel~ty. In rc>ponre to DN.4 




