
R E P O R T S  

4. Y. Kamei et a/., Cell 85, 403 (1997); D. Chakravarti e t  
dl., Nature 383, 99 (1996); H. Kawasaki e t  a[., ibid. 
393, 284 (1998). 

5. P. H. Stern, in Vitamin D, D. Feldman, F. H. Glorieux, 
j. W. Pike, Eds. (Academic Press, New York, 1997), pp. 
343-345; A. Takeshita et dl., j. Biol. Chem. 273, 
14738 (1998). 

6. T. Yoshizawa et al., Nature Genet. 16, 391 (1997). 
7. S. Kato et a[., Science 270, 1491 (1995); K. Takeyama 

et a/., ibid. 277, 1827 (1997). 
8. K. Ebihara e t  a[., Mol. Cell. Biol. 16, 3393 (1996). 
9. S. Kato et a[., ibid. 15, 5858 (1995). 

10. COS-I cells were maintained in Dulbecco's modified 
Eagle's medium without phenol red, supplemented with 
fetal bovine serum (5%) treated with dextran-coated 
charcoal. The cells were transfected at 40 t o  50% 
confluency in 10-cm petri dishes with a total of 20 p g  
of the indicated plasmids using calcium phosphate. All 
assays were done in the presence of 3 k g  of pCH110 
(Pharmacia), a P-galactosidase expression vector, as an 
internal Gntro l  t o  normalize for variations in transfec- 
tion efficiency. Cognate ligands were added t o  the 
medium 1 hour after transfection and at each exchange 
of medium. After 24-hour incubation with the calcium 
phosphate-precipitated DNA, the cells were washed 
with fresh medium and incubated for an additional 24 
hours. Cell extracts were prepared by freezing and 
thawing and were assayed for CAT activity after nor- 
malization for P-galactosidase activity as described (9). 

11. The mammalian expression vector pcDNA3 (Invitro- 
gen) was used for the expressions of Smad and SRC-1 
proteins. Constitutively active and catalytically inac- 
tive forms of TPR-I, BMPR-IA, and BMPR-IB were as 
described (72). Full-length VDR and VDR mutants 
were inserted into the mammalian expression vector 
pSG5 (pSG5-VDR). DEF domains of VDR were insert- 
ed into the pM vector (Clontech) [GAL4-VDR(DEF)] 
and full-length Smad2 and Smad3 were inserted into 
pVP (Clontech) (VP16-Smad2 and VP16-Smad3). 

12. T. lmamura e t  al., Nature 389, 622 (1997). 
13. J. Yanagisawa et al., unpublished data. 
14. j. Massague, Cell 85, 947 (1996); C.-H. Heldin, K. 

Miyazono, P. ten Dijke, Nature 390, 465 (1997); J. R. 
Howe et a/., Science 280, 1086 (1998). 

15. M. Kretzschmar et a/., Genes Dev. 11, 984 (1997); A. 
Suzuki et dl., Dev. Biol. 184, 402 (1997); j. M. Graff, 
A. Bansal, D. A. Melton, Cell 85, 479 (1996). 

16. P. A. Hoodless et dl., Cell 85, 489 (1996); F. Liu et al., 
Nature 381, 620 (1996). 

17. M. Macias-Silva et al., Cell 87, 1215 (1996); A. Nakao 
eta l . ,  EM60 j. 16, 5353 (1997); j. C. Baker and R. M. 
Harland, Genes Dev. 10, 1880 (1996). 

18. G. Lagna et dl., Nature 383, 832 (1996); Y. Zhang et 
a/., ibid., p. 168. 

19. X. Chen, M. J. Rubock, M. Whitman, ibid., p. 691; j. 
Kim et dl., ibid. 388, 304 (1997); 5. Dennler et a/., 
EMBO j. 17, 3091 (1 998); L.' ~ a w e l  et dl., Mol. Cell 1, 
611 (1998). 

20. Y. Zhang, T. Musci, R. Derynck, Curr. 6/01, 7, 270 
(1997). 

21. GAL4 DNA-binding domain fusions were generated in 
pM, and VP16 fusions within pVP16, Interactions were 
tested in COS-I cells. Activation of the CAT reporter- 
bearing GAL4-binding elements (17Mx5) was assayed 
in the presence or absence of 1,25(OH),D3. 

22. COS-1 cells were transfected wi th the indicated plas- 
mids, lysed in TNE buffer [ I 0  m M  Tris-HCI (pH 7.8), 
1% NP-40,0.15 M NaCI, 1 m M  EDTA], and immuno- 
precipitated wi th monoclonal antibody t o  FLAG (IBI; 
Eastman Kodak). Interacting proteins were separated 
by 8% SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE), transferred onto polyvinylidene difluoride 
membranes (Bio-Rad), and then detected wi th anti- 
body t o  VDR and antibody t o  rabbit immunoglobulin 
G conjugated wi th alkaline phosphatase (Promega). 

23. GST-fused proteins were expressed in Escherichia coli 
and purified on glutathione-Sepharose beads (Phar- 
macia). The beads were incubated wi th [35S]methi- 
onine-labeled proteins. Bound proteins were eluted 
and analyzed by SDS-PAGE. 

24. Proteins were translated in vitro in the presence of 
[35S]methionine wi th the reticulocyte lysate system 
(Promega). 

25. D. M. Heery et a/., Nature 387, 733 (1997); H. 

Masuyama et dl., Mol. Endocrinol. 11, 1507 (1997); 
C. H. j in et a/., ibid. 10, 945 (1996). 

26. Cells were harvested and washed twice with ice-cold 
phosphate-buffered saline. Centrifuged cells were resus- 
pended in 4 m l  ice-cold lysis buffer [ I 0  m M  Tris-HCI 
(pH 7.4), 10 m M  NaCI, 3 m M  MgCI,, 0.5% (vlv) NP-401 
and incubated on ice for 15 min, then centrifuged again 
for 5 min at 5009. The sedimented nuclear fraction was 
resuspended in TNE buffer 110 m M  tris-HCI (pH 7.8), 
1% NP-40,0.15 M NaCI, 1 m M  EDTA], incubated for 30 
min on ice, and centrifuged. The supernatant was used 
as nuclear extract for the experiments. 

27. T. Spencer et dl., Nature 389, 194 (1997); T. Yao et 
a[., Proc. Natl. Acad. Sci. U.S.A. 93, 10626 (1997). 

28. j. J. Voegel et dl., EMBO j. 17, 507 (1998). 
29. Single-letter abbreviations for the amino acid resi- 

dues 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; 5, Ser; T, Thr; V, Val; W,  Trp; and 
Y, Tyr. X indicates any residue. 

30. We thank P. Chambon for critical reading of the manu- 
script and for providing nuclear receptor expression 
vectors, H. Gronemeyer for providing TlF2 expression 
vectors, R. H. Goodman for the CBP cDNA, and S. 
Hanazawa and A. Takeshita for helpful discussion. 

23 June 1998; accepted 22 January 1999 

p53- and ATM-Dependent 
Apoptosis Induced by 

Telomeres Lacking TRFZ 
Jan Karlseder,'" Dominique Broccoli,'*t Yumin Dai,' 

Stephen Hardy,'$ Titia de Langel§ 

Although broken chromosomes can induce apoptosis, natural chromosome ends 
(telomeres) do not  trigger this response. I t  is shown that this suppression of 
apoptosis involves the telomeric-repeat binding factor 2 (TRFZ). Inhibition of 
TRFZ resulted in apoptosis in a subset of mammalian cell types. The response 
was mediated by p53 and the ATM (ataxia telangiectasia mutated) kinase, 
consistent wi th  activation of a DNA damage checkpoint. Apoptosis was not due 
t o  rupture of dicentric chromosomes formed by end-to-end fusion, indicating 
that telomeres lacking TRFZ directly signal apoptosis, possibly because they 
resemble damaged DNA. Thus, in some cells, telomere shortening may signal 
cell death rather than senescence. 

Mammalian telomeres consist of several 
kilobases of tandem TTAGGG repeats 
bound by the related telornere-specific pro- 
teins, TRFl and TRF2 (I). TRFl regulates 
telomere length (2) and TRF2 maintains 
telornere integrity (3). Inhibition of TRF2 
results in loss of the G-strand overhangs 
from telomere termini and induces covalent 
fusion of chromosome ends (3, 4). 

To investigate the cellular consequences of 
telomere malfunction, we used adenoviral vec- 
tors to overexpress intact and truncated versions 
of TRFl and TRF2 (Fig. 1) (5). These vectors 
encoded full-length TRFl (AdTRFl); a domi- 
nant negative version of TRF1 lacking the Myb 
DNA binding dornain (AdTRFIAM); full- 
length TRF2 (AdTRF2); an NH,-terminal de- 
letion of TRF2 lacking the TRF2-specific basic 

Table 1. Cell type dependence of AdTRFZiBiM-induced apoptosis 

Chromosome fusions per % cells undergoing 
anaphase* apoptosist 

Cell linelstrain 

Uninfected AdTRFZABAM Uninfected AdTRFZiBiM 

HeLall: (cervical carcinoma) 0.1 i 0.01 1.2 i 0.04 2.7 2 0.6 38 2 1.0 
HeLal.2.11: (cervical carcinoma) 0.1 2 0.01 0.9 i 0.07 2.0 i 1.0 40 i 1.7 
MCF7 (mammary adenocarcinoma) 0.1 i 0.01 0.9 i 0.06 3.0 2 1.0 29 i 1.2 
CD4+ T cells 0.2 i 0.01 0.9 i 0.02 6.3 i 0.6 39 i 1.5 
HT- 1080 (fibrosarcoma) 0.1 i 0.01 0.9 i 0.03 1.0 i 0.1 1.3 i 0.6 
Saos-2 (osteosarcoma) <O. 1 1.3 i 0.01 2.0 i 1.0 2.3 i 0.6 
SW 626 (ovarian carcinoma) <0.1 0.9 i 0.04 3.0 i 0.1 3.7 i 0.6 
WI-38 (fetal lung fibroblasts) <O.l 1.2 i 0.01 <0.01 <0.01 
HS68 (foreskin fibroblasts) <O.l 0.9 i 0.10 <0.01 <0.01 
MRC-5 (fetal lung fibroblasts) <O.l 0.9 i 0.08 <0.01 <0.01 
IMR-90 (fetal lung fibroblasts) <0.1 1.5 2 0.01 <0.01 <0.01 

'Infected cells (72 hours) were stained with DAPl and anaphases were examined for evidence of chromosome fusions 
(chromatin bridges and lagging chromosomes). The numbers indicated average fusion events per anaphase from three 
independent experiments and the SD. SDs below 0.01 are given as 0.01, *Percentage of cells positive for  TUNEL labeling 
72 hours after infection. Apoptotic CD4+ T cells were counted 48 hours after infection. The numbers are averages 
f rom three independent experiments and the SD. SDs below 0.1 are given as 0.1. ZHeLall and HeLal.2.11 are 
HeLa subclones. 

www.sciencemag.org SCIENCE VOL 283 26 FEBRUARY 1999 1321 



R E P O R T S  

Fig. 1. Adenovirally expressed 
TRFl and TRFZ proteins. Ex- 
pression of the indicated TRF 
proteins was monitored by 
irnrnunoblotting, and their lo- 
calization was determined by 
IF (6). lnhibition of TRFl and 
TRFZ was determined by gel- 
shift assay (9) and IF (3) re- 
spectively. Dicentric forma- 
tion was deduced from the 
presence of anaphase bridges 
in infected cells. 

Telomeric TRFl TRFZ Dicentric Apoptosis 
Localization lnhibition lnhibition Formation 

1 67 264 NLS 379 a 
AdTRFl 

FLAG 
+ 

1 67 264 NLS379 
AdTRFI AM I 

FLAG 

45 245 NLS 446 So0 
AdTRF2AB + 

45 245 NLS m 
AdTRF2Aw s . ' : '  I 

(myth 

domain (AdTRF2AB); and a dominant negative 
version of TRF2 lacking both the basic domain 
and the Myb domain ( A ~ T R F ~ ~ ~ ~ ~ ) .  Trans- 
formed and primary cells were infected effi- 
ciently, resulting in overexpression of the dif- 
ferent TRF proteins at approximately the same 
levels (6) .  

\ ,  

Indirect immunofluorescence analysis (2, 3, 
7) indicated that TRFs retaining the Myb do- 
main localized to telomeres, as deduced from 
their characteristic punctate staining pattern in 
interphase nuclei (Fig. 1) (6). In contrast, TRFs 
lacking the Myb domain did not accumulate at 
telomeres but displayed a dispersed nuclear 
staining pattem. Expression of AdTRFIAM re- 
duced the TRF 1 -specific TTAGGG repeat 
binding activity in cell extracts (8, 9), im- 
plying that this allele has the expected 
dominant interfering effect on the DNA 
binding activity of endogenous TRF1. The 
dominant negative effect of AdTRF2ABAM 
was documented based on displacement of 
the endogenous TRF2 protein from the 
telomeres and its ability to induce chromo- 
some end fusions (Fig. 1 and Table 1) (3). 

AdTRF2ABAM resulted in a rapid induction 
of apoptosis in infected HeLa cells, as assessed 
by TUNEL labeling, Annexin-V staining, and 
the appearance of cells with a S U ~ - G , D N A  

(A) N N E L  labeling (YO) 
of Hela and IMR-90 
elk 72 hours a m  in- I pes 
f c m m l * m t L . i n M - ,  . I  
ed viruses. AdTRFpdMM 
. ~ a p o p m a h i n  o l c m  
Hela 4 s  4% haws af- 
ter infectio~ fB1 FACS 

5#r YRQO 

content in fluorescence activated cell sorting 
(FACS) analysis (10) (Fig. 2, A and B). HeLa 
cells transfected with an unrelated TRF2ABAM 
expression construct lacking adenoviral se- 
quences had the same response, demonstrating 
that apoptosis did not require adenoviral gene 
products. None of the other TRF alleles af- 
fected cell viability or growth in the short 
term, although a minor G, accumulation phe- 
notype occurred in HeLa cells expressing 

(10) d k a a n d  IMR-9Qcdls72hoursaftarinfeetlan~the indicat&adcncrvInws 
Y & d n u m b e r ~ ; X - a x i r : ~ ~ e o n t c n r t , ~ ~ ~ ~ w l t h p m p i d i ~ m M d a ( C )  
lmmudot  an- (15) of p63, Bex, and +in 01 (as a b d n g  mWd) in HcLa and IMR-90 cells 
infected with tfx~ indicated adenoviruses 

'Laboratory for Cell Biology and Genetics, The Rock- 
efeller University, New York, NY 10021, USA. 'Cell 
Cenesys, Foster City, CA 94405, USA. full-length TRFl and TRF2 (Fig. 2B) (11). hibition of T W 2  (Fig. 2A) (3). To explore 

The absence of apoptosis with AdTW2 and the cell-type dependence of the apoptotic re- 
AdTRF2AB suggested that AdTRF2ABAM in- sponse, we infected several immortalized hu- 

*These authors contributed equally to this work. 
tPresent address: Fox Chase Cancer Center. 7701 
Burholme Avenue, Philadelphia, PA 19111, USA. duced apoptosis by reducing the amount of man cell lines and primary human cell strains 
$Present address: Chiron Corporation, 4560 Horton T R F ~  bound to telomeres. with AdTRF2ABAM. Apoptosis was observed 
Weeto 4-3' 94608-2916' In contrast to HeLa cells, the HDF cell in two HeLa subclones, the pl6-deficient USA. 

whom correspon~ence should be addressed, E- strain IMR-90 and the fibrosarcoma cell line mammary adenocarcinoma cell line MCF7, 
mail: delange@rockvax.rockefeller.edu HT-1080 did not undergo apoptosis after in- immortalized B cells (see below), and prima- 
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~ 5 3 ~ -  MEFs, since the cells displayed a high 
rate of anaphase bridge formation. These data 

~jBrdU TUNEL 

establish a requirement for p53 function in the 
telomere-mediated apoptotic pathway. 

p53 can be phosphorylated by the ATM 
kinase, the product of the gene that is mutated 
in patients with ataxia-telangiectasia (A-T) 
(22). ATM is thought to function upstream of 
p53 in a DNA damage response pathway be- 
cause A-T cells show diminished induction of 
p53 and reduced ability to arrest in G, after 
ionizing radiation (23). To explore the possibil- 
ity that ATM also functions in the telomere- 
directed apoptotic response documented here, 
we analyzed the effect of AdTRF2mAM on the 
viability of human B cell lines from A-T pa- 
tients and normal donors. Normal B cell lines 
rapidly underwent apoptosis, whereas B cells 
from A-T patients did not show this response 
(Fig. 3B and Table 2). In addition, paralleling 
their response to y-irradiation, B cells from A-T 

Merge Fie 3. m 2 - -  
inducedqmptoskre- 
quires the ATMlp53 
p a t h w a y ~ ~ p r o -  
lgcssion-s 
" & $ o f  
AdlRF -induced 
apoptosb in MEFs 

p53. Wild- 
type and p 5 e -  cells 
m w a l y p e d b y  
TlJNu. w n g  (10) 
72 hows after infec- 
b k n w i t ) l m w  
(16, 77):m A-T B sells 
a n a t S k 7 w  
. . - . . - - . . - -. . - 

qmptok HuMn B d h from a mmal donor (CM130C) and an A-T patient (CMOlQ6E) @g 
~ p . d n m a a v r e d f # ~ b v T U N E L b b e l i n a f l O ) a t 2 4 h a r s W M e d i o n M  lfmnmbbt 
(75) of p53, $21, and jdin D l  I d s  in B & derived fromfrom and A-T donors 20 hous irffer infedon 
w i t h t h e h d b t e d ~ a r y - i n a d i a i o n ( D ) R o g l e s s k n ~ S p h a s e I r ~ R q u i r e d f o r t h e  
induction of q q t o k  Top, schematiE of the epimnt Bottom, detedh of Brdll up& and TUNEL 
kbebg in T d infected with the bdcated zdemAms (24). 

ry CD4+ T cells (Table 1). Cells that failed 
to undergo apoptosis in response to 
AdTRF2ABAM either lacked an apoptotic re- 
sponse to DNA damage (12) or were deficient 
for p53 function (13). Although HeLa cells are 
partially compromised for p53 function because 
they express human papilloma virus-16 E6 tu- 
mor antigen, which targets p53 for degradation, 
they do contain a fully functional p53 pathway 
(14). To investigate this pathway, we examined 
protein levels of p53 and its downstream target 
Bax in HeLa cells expressing the five different 
TRF alleles (15). p53 levels rose only in re- 
sponse to AdTRF2ABAM and there was a con- 
comitant increase in the expression of Bax (Fig. 
2C), indicating that p53 is activated as a tran- 
scription factor. Induction of p53 and Bax was 
also observed in cells not undergoing apoptosis. 

The role of p53 was confirmed using mouse 
embryo fibroblasts (MEFs) from genetically al- 

tered mice. The dimerization domains of hu- 
man TRF2 and mouse TrfZ are nearly identical 
(I), suggesting that the mouse protein would be 
inhibited by AdTRF2. Indeed, wild-type MEFs 
infected with AdTRF2ABAM lost the punctate 
nuclear pattern typical of Trf2 engaged on telo- 
meres and showed chromosome end fusions 
(Table 2), validating the use of AdTRF2mAM 
in murine cells (16, 17). Wild-type MEFs and 
MEFs from p2 1 (1 8), INK4aIARF (19), or RB 
(20) knockout mice showed a strong apoptotic 
response to AdTRF2ABAM (- 18% apoptosis) 
(Fig. 3A and Table 2), while uninfected'con- 
trols and cells infected with AdTRF2 or 
AdTRF2AB showed background levels of apo- 
ptosis [2 to 5%; (Table 2) (131. In contrast, 
MEFs derived from p53-'- mice (21) did not 
show this apoptotic response (Fig. 3A and Ta- 
ble 2). The AdTRF2ABAM protein was clearly 
active as a dominant negative allele in the 

patients showed no evidence of p53 induction 
or up-regulation of the p53 target p21 after 
infection with AdTRF2mm (Fig. 3C). Thus, 
similar to the signaling pathway activated by 
double-stranded breaks, the induction of apo- 
ptosis by telomere malfunction requires ATM, 
most likely as an upstream activator of p53. 

Two types of events might be responsible 
for the activation of the ATMIp53-dependent 
apoptotic pathway. Because loss of TRF2 
function induces covalent h i o n  of telomeres 
(3,4), mitotic rupture of dicentric chromosomes 
will generate DNA breaks that can activate a 
DNA damage response. However, a signal 
could also emanate directly from the chromo- 
some ends, if telomeres lacking TRF2 resem- 
ble damaged DNA. To distinguish between 
these possibilities, we determined whether 
progression through mitosis is required for 
the AdTRF2ABAM-induced apoptosis. Prima- 
ry human peripheral T cells were harvested in 
a quiescent state, stimulated to proliferate in 
the presence of bromodeoxyuridine (BrdU), 
and infected with AdTRF2hBAM and AdTRF2 
prior to entry into S phase (24). Cells were 
simultaneously examined for BrdU incorpo- 
ration and apoptosis 24 hours later (Fig. 3D). 
Although adenovirus infection inhibited T cell 
proliferation slightly, a substantial fraction of 
the cells progressed through S phase and incor- 
porated BrdU. As expected, AdTRF2ABAM, 
but not AdTRF2, induced apoptosis in prima- 
ry T cells. While some cells showed dual la- 
beling for both BrdU and TUNEL, a substan- 
tial proportion (-80%) of the apoptotic cells 
in the AdTRF2ABAM-infected cultures did not 
contain detectable amounts of BrdU (Fig. 
3D). Thus, a subset of the AdTRF2ABAM- 
infected cells entered apoptosis before pro- 
gressing through S-phase, and hence before 
undergoing mitosis. This interpretation is 
corroborated by the drop in BrdU-positive 
cells in ~ d T R F 2 ~ ~ ~ ~ - i n f e c t e d  T cells (Fig. 
3D) (24). Based on these data, we conclude 
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Table 2. Requirement o f  p 5 3  a n d  A T M  f o r  AdTRFZABAM-induced apoptosis 

Ce l l  strain/ 
C h r o m o s o m e  fusions per 

anaphase* 
% cells undergo ing  apoptosis*  

geno type  
u n ~ n f e c t e d  AdTRFZiBAM un in fec ted  AdTRFZABiM 

G M 1 3 0 C  n o r m a l  
C M 1 3 0 6 8  n o r m a l  
GM01526E A-T  
C M 8 4 3 6 A  A-T  

MEFs 
0 . 9  i- 0.07  
0.8 i 0 . 1 3  
0 .7  i 0.12 
0.8 i 0.07 
0.8 t 0.18 

B cells? 
0.9 i 0.12 
1.0 t 0.01 
0.9 1 0.23 
0.8 1 0.06 

*See Table 1. MEFs and B cells were analyzed 96 and 24 hours after infection, respectively. +Normal and A-T B cells 
were obtained from the NICMS Human Genetic Mutant Cell Repository. 

that in primary humail T cells, inhibition of 
TRF2 filnction can induce apoptosis indepen- 
dent of the damage resulting from broken 
diceiltric chron~osomes. 

Collectively, these data reveal a previously 
unrecognized function of maminalian telo- 
meres: their ability to prevent the induction of 
apoptosis by clromosome ends. We considered 
the possibility that inhibition of T W 2  might 
result in sildden loss of telomelic DNA, leaving 
uncapped clromosome ends that could activate 
a DNA damage checkpoint. However, HeLa 
and IMR-90 cells infected with AdTRF2'B'" 
showed no loss of TTAGGG repeat DNA de- 
tectable by standard genomic blotting. Thus, 
binding of TRF2 to the TTAGGG repeats is 
apparently required to "mask" chromoson~e 
ends froill a response pathway that can lead to 
cell death. The exact nature of the apoptotic 
signal from the unmasked telomeres re- 
mains to be established. The involven~ent of 
ATM suggests that inappropriately exposed 
telomeric DNA might resemble a double- 
stranded break, \vhich is the predominant 
initiating signal for ATM-mediated p53 ac- 
tivation [reviewed in (25)]. Cells expressing 
TRF2'"'" rapidly lose the 3 '  overhang of 
lelomeric TTAGGG repeats that protrudes 
froin huinan telomeres (3), so conceivably, 
this unique feature of teloilleres may be a 
criterioil by which random double-stranded 
breaks are distinguished from natural chromo- 
some ends. However, we cannot exclude the 

sequence of telomere erosion in the human 
soma may cause apoptosis of some cells 
(such as T cells) and senescence of others 
(such as fibroblasts). Since telomeres also 
shorten during tumorigenesis (25), induction 
of the apoptotic pathway described here may 
provide an additional selection for malignant 
cells that are deficient in p53 function. 
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proteins, including the phosphatase Cdc25C; 
kinases Mytl and Plkl, and the small 

as Phosphoserine- or guanosine 5'-triphosphate-binding protein 
Rab4 (12-14). Thus, the role of WCV domains 
remains to be determined. 

Phosphothreonine-Binding We examined whether wcv domains might 
mediate protein-protein interactions by binding 

Modules pSer or pThr. Glutathione S-transferase ( G S T t  
fusion proteins containing Pinl, its NH,-termi- 

Pei-Jung Lu," Xiao Zhen Zhou," Minhui Shen, Kun Ping Lu: 

Protein-interacting modules help determine the specificity of signal transduction 
events, and protein phosphorylation can modulate the assembly of such modules 
into specific signaling complexes. Although phosphotyrosine-binding modules have 
been well-characterized, phosphoserine- or phosphothreonine-binding modules 
have not been described. WW domains are small protein modules found in various 
proteins that participate in cell signaling or regulation. WW domains of the es- 
sential mitotic prolyl isomerase Pinl and the ubiquitin ligase Nedd4 bound to 
phosphoproteins, including physiological substrates of enzymes, in a phosphoryl- 
ation-dependent manner. The Pinl WW domain functioned as a phosphoserine- or 
phosphothreonine-binding module, with properties similar to those of SRC ho- 
mology 2 domains. Phosphoserine- or phosphothreonine-binding activity was re- 
quired for Pinl to interact with its substrates in vitro and to perform its essential 
function in vivo. 

Interactions tlxough specific protein inodules residues in a triple-stranded P sheet (7-10). 
help determine the specificiQ of signal trans- These small modules are found in proteins that 
duction events (1; 2). These modules, such as participate in cell signaling or regulation, in- 
SH2 donlaills (3); are small coilseilied dolnains cluding the peptidyl-prolyl isomerase (PPIase) 
that bind specific sequences in target proteins Pinl and the ubiquitin ligase Nedd4 (7-10). 
and recmit proteins into signaling conlplexes. WW doinaiils have been implicated ill mediat- 

nal WW domain (amino acids 1 to 54), or 
COOH-teiminal PPIase domain (47 to 163) 
were incubated with extracts from interphase or 
mitotic HeLa cells. Bo~md proteins were detect- 
ed by the n~onoclonal antibody MPM-2 that 
recognizes the overlapping subset of Pinl-bind- 
ing proteins, or by antibodies to specific pro- 
teius (15). Although no specific binding was 
detected for the PPIase domain or control GST, 
WW domains of Pinl and its yeast homolog 
Ess 1 bound almost all of Pinl -binding proteins 
present in mitotic extracts (Fig. 1; A and B). 

To test whether LW domain binding is 
phosphory1atioi1-dependent and whether it is 
mediated by specific pSer or pThr residues in 
Pinl target proteins, we analyzed binding to 
Cdc25C (16) because Pinl interacts with 
Cdc25C just before ently into mitosis and reg- 
ulates its activity (13). Both Pinl and its WW 
domain bound the mitotically phosphoiylated, 
but not the inteiphase phosphoiylated, form of 
Cdc25C (Fig. 2A). Fui-theimore, they failed to 

Serine or threonine phosphorylation appears to ing protein-protein interactioils by binding to bind Cdc25C if the initotically phospholylated 
regulate the foilnation of protein complexes (2) Pro-iich motifs (10). However. bona fide Pro- Cdc25C was dephosphorylated (Fig. 2A). 
and acts as a signal to trigger ubiquitination and rich inotifs are not found in many potential These results demonstrate a phospholylation- 
subsequent degradation of a wide range of reg- WW domain targets, such as Nedd4 substrates dependent iilteraction between the WW domain 
ulatoly proteins (4). With the exception of (11) and Pinl-binding proteins (12-14). Piill is and Cdc25C. Pinl and its WW domain were 
phosphoseiine (pSer)- or phosphothreonine an essential regulator at mitotic entry that binds found to bind t c ~ o  conseived pThr-Pro sites 
(pThr)-binding proteins 14-3-3 (j) ,  small iilde- a defined subset of mitosis-specific phospho- (T1ds and T11r6') in Cdc25C, as identified by 
pendent pSer- or pThr-binding modules reini- 
iliscent of SH2 domains have not been de- Table 1. Binding constants o f  W W  domains and peptides. The NH,-terminus o f  peptides was labeled w i t h  

scribed, Similarly, it is llot ltnowll \hether fluorescein and purified by  thin-layer chromatography. Various concentrations o f  CST-WW domains and 

phosphoproteills directly illteract w-ih ubiq- cont ro l  CST were incubated w i t h  the  labeled peptides, and dissociation constants were measured by 

uitill-proteill ligases (E3): enzS,mes mediate fluorescence aniostropy assay. Each value (in micromolar)  represents t he  average o f  the  three indepen- 
dent experiments. N o  binding was detected between CST and any peptides. NB, no binding detected. 

substrate recognition in the ubiquitin-mediated 
pathway (6 ) .  

WCV domains contain 38 to 40 amino acid W W  
Pintide Cdc25 peptide Pro-rich peptide 

domain 
WFYpSPFLE WFYSPFLE EQPLpTPVTDL EQPLTPVTDL IPCTPPPNYD 
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Pin1 1 .O NB  2.2 NB*  NB  
Nedd4 10.0 NB  20.0 NB* > 4 0 t  (47-1 18;) 

"No binding detected by incubating the CST-WW domain with the peptide immortalized on a membrane, followed by 
immunoblotting analysis with antibody to CST (17). +An estimated Kd because binding did not reach the plateau even at 
100 KM WW domain. $Previously reported Kd's for the interaction between the Yap WW domain and various Pro-rich 
peptides (9). Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Clu; F, Phe; C, Cly; 
H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Cln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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