
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 



Mouse Human 

FI. 2 Localization of CHKl on chromosome 
1 1 q24. (A) In situ hybridization was performed on 
mitotic chromosomes with fluorescently labeled 
human CHKl DNA. Mows indicate CHKl local- 
ization at 11 q24. (B) Northern analysis of human 
and mouse Chkl . Blots containing the polyade- 
nylated RNA (2 per lane) from the indicated 
tissues were probed with human or mouse CHKl 
cDNAs. Fig. 1. Isolation of the human and mouse CHKl genes. (A) Domain structure of the predicted human 

Chkl (hChkl) protein. The black boxes indicate regions of highest conservation. The GenBank 
accession number for hChkl is AF016582, and for mChkl, AF016583. (B) Alignment of Chkl 
homologs. Amino acid identities are shown as black boxes. Conservative changes are shown as 
shaded boxes. H s  is Homo sapiens, Sp is S. pombe, Ce is C. elegans, and Dm is 0. melanogaster. 
The database DNA sequence for ceChkl has a likely frame shii in the COOH-terminus. Single- 
letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; 
G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, 
Trp; and Y, Tyr. 

The sequence of the longest human cDNA 
(1891 base pairs) predicted a translation 
product of 476 amino acids with a molecu- 
lar size of 54 kD (Fig. 1A). No in-frame stop 
codon was found upstream of the first me- 
thionine, which is within the Kozak con- 
sensus sequence (4) and is likely to be the 
initiation codon because its encoded pro- 
tein is the same size as that observed in cells 
(see below). The human CHKl gene is 
related to a CaenorWtis ekgans gene in 
the database and a Drosophila mekmogaster 
gene grp, which has a role in cell cycle 
control and development ( 5 )  (Fig. 1B). The 
predicted hChkl protein is 29% identical 
and 44% similar to spChkl, 40% identical 
and 56% similar to the ceChkl (ce referes 
to C. ekgans), and 44% identical and 56% 
similar to dmChkl (dm refers to D. mela- 

point function we searched for human ho- nogaster). Sequence analysis revealed sever- 
mologs of yeast checkpoint genes. We used al COOH-terminal domains that are highly 
a degenerate polymerase chain reaction 
(PCR) strategy and identified a human 
gene very similar to the gene encoding 
Chkl in S. p o d e  (Fig. 1) (3). With human 

damage, cells activate a checkpoint path- 
way that arrests the cell cycle to provide 
time for repair and induces the transcrip- 
tion of genes that facilitate repair. In yeast, 
this checkpoint pathway consists of several 
protein kinases including phosphoinositide 
(PI)-kinase homologs hATM, scMecl, and 

spRad3 and protein kinases scDunl, 
scRad53, and spChkl ( I )  (the prefies h, 
sc, and sp refer to Homo sapiens, Saccharo- 
myces cerevisiae, and Schi~osacchmomyces 
pot&, respectively). In mammals, this 
pathway results in the activation of p53, 
which induces transcription of the cyclin- 
dependent k i  inhibitor p21c1PL, result- 
ing in arrest in the G, phase of the cell 
cycle (2). 

To address the conservation of check- 

Y. Sanchez, C. Wong, S. J. EUedge, Verna and Marrs 
Mclean Lkqmhmt of Biochemistry, Department of Mo- 
lecular and Human Genetics, Howard Hughes Medical 
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Institute, Washington University Schod of Mediane, 660 
South Euclid Avenue, St. Louis, MO 631 10, USA. 
R. Richman, Depaftment of Cell Biology, Howard Hughes 
Medical Institute, Baylor College of Medicine, One Bay(or 
Plaza. Houston. TX 77030. USA. 

conserved in the Chkl family of ki& 
(Fig. 1B). 

The chromosomal location of CHKl 
was mapped to llq24 by fluorescence in 
situ hybridization (Fig. 2A). This is adja- 
cent to the gene encoding ATM at llq23. 

7- & -m.should be addressed. E-mail: CHKl CDNA as a probe, we isolated the 
dkx!ge@bcm.tmc.edu gene encoding Chkl from mouse (mChkl). 
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Loss of heterozygosity at this region has 
been associated with a number of cancers 
including those of the breast, lung, and 
ovaries (6). Northern (RNA) blot analysis 
revealed ubiquitous expression of hChkl, 
with large amounts in human thymus, tes- 
tis, small intestine, and colon (Fig. 2B). In 
adult mice, mChkl was detected in all tis- 
sues examined andin large amounts in the 
testis, spleen, and lung (Fig. 2B). Mouse 
embryos from embryonic day 15.5 also re- 
vealed ubiquitous expression, with large 
amounts detected in the brain, liver, kid- 
ney, pancreas, intestines, thymus, and lung 
(7). Testis, spleen, and thymus also express 
large amounts of ATM (8). 

Affinity-purified antibodies to hChkl 
protein made in baculovirus (anti-FL) (9) 
or to its COOH-terminal 15 amino acids 
(anti-PEP) recognized a 54-kD protein (Fig. 
3A) that comigrates with hChkl expressed 
in baculovirus (7). The anti-PEP but not 
anti-FL signal was competed by addition of 
excess peptide, indicating that the two sera 
recognize different hChkl epitopes, further 
confirming identity of the 54-kD band as 
endogenous hChkl. A 70-kD protein was 
also specifically recognized by anti-PEP. 
When mCHKl was expressed from the cy- 
tomegalovirus (CMV) promoter in baby 
hamster kidney (BHK) cells, we detected a 
54-kD nuclear protein only in transfected 
cells using antibodies to the COOH-termi- 
nal peptide of mChkl. This exogenous 
mChkl comigrates with endogenous 
mChkl from mouse lung tissue (7). 

To determine whether hChkl is modified 
in response to DNA damage like spChkl, we 
examined hChkl protein in extracts from 
cells treated with ionizing radiation. hChkl 
from extracts from damaged cells showed a 

minor but reproducible reduction in mobility 
compared with hChkl from untreated cells 
(Fig. 3B). The change in mobility obsemed 
in response to DNA damage for spchkl was 
also slight (10). This modification was con- 
firmed by two-dimensional gel analysis, 
which demonstrated the generation of a 
more negatively charged hChkl species 2 
hours after gamma irradiation (Fig. 3B). 
These results indicate that hChkl may par- 
ticipate in transduction of the DNA damage 
signal like spchkl. Indirect immunofluores- 
cence revealed that hChkl is localized to the 
nucleus in a punctate staining pattern (Fig. 
3C), similar to that observed for ATM (8). 
mChkl expressed in BHK cells confirmed 
the nuclear localization (7). 

To test for the ability of hChkl to reg- 
ulate the cell cycle, we transfected hChkl 
or hChkl (D130A), a catalytically inactive 
mutant, under the control of the CMV 
promoter or the CMV vector alone into 
HeLa cells treated with and without 6 Gy of 
ionizing radiation. We did not detect per- 
turbation of the cell cycle by either kinase 
relative to vector alone, suggesting that 
overproduction alone was insufficient to 
deregulate the system (7). 

Tyrosine phosphorylation of CdcZ has 
been implicated in cell cycle arrest in 
response to DNA damage and replication 
blocks in both S. pombe (11, 12) and 
humans (13). In S. pombe, CdcZ mutants 
that cannot be phosphorylated on tyrosine 
are unable to arrest the cell cycle in re- 
sponse to blockade of DNA replication. 
Although it was originally thought that 
the DNA damage checkpoint did not op- 
erate through tyrosine phosphorylation, 
recent experiments have shown that ty- 
rosine phosphorylation is required for S. 
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pombe cells to arrest in response to DNA 
damage (1 2, 14). Although it is now clear 
that tyrosine phosphorylation is required 
for proper checkpoint control, the exper- 
iments implicating tyrosine phosphoryl- 
ation in this pathway do not distinguish 
between a regulatory role in which ty- 
rosine phosphorylation rates are manipu- 
lated by the checkpoint pathways, or a 
passive role in which tyrosine phosphoryl- 
ation is required to allow cell cycle arrest 
but is not the actual target of the check- 
point pathway (1, 15). 

To address this issue, we analyzed the 
ability of hChkl to phosphorylate key reg- 
ulators of Cdk tyrosine phosphorylation, 
the Cdc25 dual-specificity phosphatases 
hCdc25A, hCdc25B, and hCdc25C. 
These regulators were singled out for sev- 
eral reasons. First, overproduction of 
hCdk4 mutants in which the inhibitory 
tyrosine is changed to phenylalanine ab- 
rogates G, arrest in response to ultraviolet 
(UV) light (1 6). Second, the UV sensitiv- 
ity of chkl- mutants in S. pombe is sup- 
pressed by inactivating cdc25 with a tem- 
peraturesensitive mutation (10). Finally, 
in S. pombe wee1 mikl mutants, DNA 
damage still causes a partial cell cycle 
delay that could be due to regulation of 
spCdc25 activity (12). GST-hChkl and 
GST-hChkl (D130A) were introduced 
into baculovirus, purified from baculovi- 
rus-infected insect cells, and incubated 
with GST-hCdc25A, GST-hCdc25B, and 
GST-hCdc25C (9,17). GST-hChkl phos- 
phorylated all three hCdc25 proteins but 
not GST alone (Fig. 4A). Although GST- 
hCdc25C comigrated with GST-hChkl, 
which autophosphorylates, increased phos- 
phorylation was observed at that position 



relative to phosphorylation in the pres- 
ence of kinase alone, and phosphorylation 
of a GST-hCdc25C breakdown product 
was visible. In separate experiments with a 
His6-tagged hChkl derivative, there was 
phosphorylation of GST-hCdc25C (Fig. 
4B). A catalytically inactive mutant failed 
to phosphorylate itself or any of the 
hCdc25 proteins (Fig. 4A). 

Protein kinases often form complexes 
with their substrates. To see if this was the 
case for hChkl and the Cdc25 proteins, 
GST-hCdc25 proteins on glutathione beads 
were incubated together with baculo- 
virus extracts expressing His6-tagged hchkl 
and precipitated. GST-hCdc25A, GST- 
hCdc25B, and GST-hCdc25C each specif- 
ically bound hChkl whereas GST alone did 
not (Fig. 4C). Furthermore, two other GST 
fusion proteins, GST-Dun1 and GST-Skpl, 
failed to bind hChkl (18). These results 
indicate that Cdc25 can form complexes 
with hchkl. 

To establish the significance of the 
Cdc25 phosphorylation, we mapped the site 
of hChkl phosphorylation on Cdc25C. The 
Se?16 residue is the main site of phospho- 
rylation of hCdc25C in vivo (19). hChkl 
phosphorylated a 56-amino acid region of 
the hCdc25C protein fused to GST (19) 
but not GST alone (Fig. 4A). This 56- 

amino acid motif contains four possible sites 
of phosphorylation. Peptide analysis of pro- 
teolytic fragments of full-length His6- 
hCdc25C phosphorylated by GST-hChkl 
revealed a single phosphorylated tryptic 
peptide by HPLC. Edman degradation of 
this peptide indicated release of radioactiv- . 
ity in the third cycle (Fig. 4D). Further 
degradation of this tryptic fragment with 
proline endopeptidase resulted in a peptide 
that released radioactivity in the first cycle 
(1 7). The %?16 residue is the only site on 
hCdc25C consistent with this phosphoryl- 
ation pattern (Fig. 4D). To confirm this, we 
constructed the Cdc25C S216A mutation 
in GST-Cdc25C and Cdc25C(200-256). 
Both were poor substrates for hChkl, con- 
firming Se?16 as the site of phosphorylation 
(Fig. 4C). Serine-216 is also phosphorylated 
by spChkl, demonstrating phylogenetic 
conservation of this regulatory relation (20). 

We have shown that the Chkl kinase 
family is conserved throughout eukaryotic 
evolution and that hChkl, like its S. pombe 
counterpart, is modified in response to 
DNA damage. This, together with the fact 
that ATM-related kinases are conserved 
members of checkpoint pathways and act 
upstream of chkl in S. pombe, suggests that 
this entire checkpoint pathway may be con- 
served in all eukaryotes. hChkl directly 

phosphorylates a regulator of CdcZ tyrosine 
phosphorylation, hCdc25C, on a physiolog- 
ically significant residue, Se?16. Support for 
this comes from the work of Peng et al. (20) 
who have shown that the same site, which 
is the major site of Cdc25C phosphoryl- 
ation during interphase, binds 14-3-3 pro- 
teins when phosphorylated and acts in an 
inhibitory fashion on hCdc25C. Overex- 
pression of the hCdc25C S216A protein 
reduces the ability of cells to arrest in G, in 
response to DNA damage as observed pre- 
viously for the Cdc2AF mutants (1 2). The 
overexpression studies alone do not prove 
that the DNA damage checkpoint pathway 
operates through tyrosine phosphorylation, 
because hyperactive CdcZ may be able to 
bypass checkpoint control. However, in 
combination with the fact that this inhibi- 
tory serine is directly phosphorylated by the 
DNA damage-responsive checkpoint ki- 
nase hChkl, these results strongly imply 
that DNA damage regulates the Gz-to-mi- 
tosis transition through control of CdcZ 
tyrosine phosphorylation. These results sug- 
gest a model whereby in response to DNA 
damage, hChkl phosphorylates hCdc25C 
on %?I6, which leads to binding of 14-3-3 
protein and inhibition of Cdc25C's ability 
to dephosphorylate and activate Cdc2, a 
model that will require genetic verification. 

Fig. 4. hChkl binds to an+ 
phosphoylates hCdc25E 
hCdc25B, and hCdc25C. (1 
GST-hChkl (W) and GSl 
hChkl (D13OA) (k) wer 
pur~fied from baculov~ru 
and Incubated with e~thc 
GST, GST-hCdc25A, GS7 
hCdc256, GST-hCdc25C 
or GST-Cdc25Ci200-25f 
and [y3ZP]ATP. Prote~n 
were resolved by SDS-PAG 
(1 0%) and vlsual~zed by aL 
torad~ography (for the k~nas 
assay, top) or Coornassi 
blue staining (bottom). Les 
GST-Cdc25B was loade- 
than the other substrate! 
GST-hChkl d ~ d  not pho: 
phorylate GST alone. (B) Fc 
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This tnodel does not preclude a role for 
other cell cycle regulators such as Wee1 in 
the clamage response (1 4). Furthermore, the 
fact that hChkl ~hos~horvlated hCdc25A 

L ,  

and hCdc25B an2 that Ser2I6 is conserved 
among these Cdc25 proteins (19) suggests 
that hChkl may regulate other DNA dam- 
age checkpoints, such as those controlling 
the G,-to-S phase transition, through a 
similar mechanism. 
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Mitotic and G, Checkpoint Control: Regulation 
of 14-3-3 Protein Binding by Phosphorylation of 

Cdc25C on Serine-216 
Cheng-Yuan Peng, Paul R. Graves, Richard S. Thoma, 

Zhiqi Wu, Andrey S. Shaw, Helen Piwnica-Worms* 

Human Cdc25C is a dual-specificity protein phosphatase that controls entry into mitosis 
by dephosphorylating the protein kinase Cdc2. Throughout interphase, but not in mi- 
tosis, Cdc25C was phosphorylated on serine-216 and bound to members of the highly 
conserved and ubiquitously expressed family of 14-3-3 proteins. A mutation preventing 
phosphorylation of serine-216 abrogated 14-3-3 binding. Conditional overexpression of 
this mutant perturbed mitotic timing and allowed cells to escape the G, checkpoint arrest 
induced by either unreplicated DNA or radiation-induced damage. Chkl,  a fission yeast 
kinase involved in the DNA damage checkpoint response, phosphorylated Cdc25C in 
vitro on serine-216. These results indicate that serine-216 phosphorylation and 14-3-3 
binding negatively regulate Cdc25C and identify Cdc25C as a potential target of check- 
point control in human cells. 

A key step in regulating the entry of eu- 
karyotic cells into mitosis is the activation 
of the protein kinase Cdc2 by the protein 
phosphatase Cdc25C. A complete under- 
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standing of mitotic control reiluires eluci- - 
dation of the mechanisms that reg~~late the 
interactions between Cdc2 and Cdc25C 
throughout the cell cycle. Furthermore, al- 
though tremendous progress has been made 
in recent years in identifying proteins that 
participate in checkpoint control, it is un- 
clear how these oroteins interface IY' ' ~ t  1 I core 
cell cycle regulators to inhibit cell cycle 
transitions (1 ) .  

The Ser216 residue is the primary site of 
phosphorylation of Cdc25C in asynchro- 
nously growing cells (2) .  To determine if 
phosphorylation of Ser216 regulates Cdc25C 
function, we generated HeLa cell lines that 
allow conditional expression of either wild- 
type Cdc2iC or a mutant of Cdc25C con- 
taining alanine at position 216 (S216'4). 111 
these cells, expression of Cdc2iC and 
Cclc2i(S216,4) is under the control of a 

~vww.sciencemag.org SCIENCE VOL. 2 7 7  5 SEPTEhlBER 1997 1501 




