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Fig. 5. History-dependent responses of the MAPK system. A varying concentration of PDGF was 
delivered for 5 min, followed by a wash and reincubation. After 60 min a second stimulation was 
delivered at 50 ng/ml, which is normally saturating to elicit prolonged MAPK activation. (A) Compu- 
tational traces show range of response time-courses. Initial and second stimulation durations are 
indicated by horizontal bars. Concentrations of PDGF during the initial stimulation are 20 pM (0.67 
ng/ml), 100 pM (3.33 ng/ml), 200 pM (6.67 ng/ml), 500 pM (16.67 ng/ml), 1 nM (33.33 ng/ml), and 100 
nM (333.33 ng/ml). (B) Computationally derived MAPK activities at the final time point, 100 min after 
start. (C) Effects of pretreatment of NIH-3T3 cells with varying concentrations of PDGF on subsequent 
stimulation by a saturating concentration. Serum-starved NIH-3T3 cells were stimulated with various 
concentrations of PDGF as indicated for 5 min, washed, and reincubated for 60 min in serum-free 
medium. The cells were then restimulated with 50 ng/ml PDGF for 5 min, washed, and incubated for 
30 min. Proteins from soluble cell lysate were probed with antibody specific for dual-phosphorylated 
MAPK (Phospho-MAPK 2). 
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us to observe the predicted systems behav- 
ior only in a qualitative manner. To deter- 
mine quantitative accuracy of our models, 
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tively measure biochemical reactions with- 
in the cell must be developed. Neverthe- 
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ture's design of this controller network. 
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Estlp As a Cell Cycle-Regulated 
Activator of Telomere-Bound 

Telomerase 

Andrew K. P. Taggart, Shu-Chun Teng,* Virginia A. Zakiant 

In Saccharomyces cerevisiae, the telomerase components Est2p, TLC1 RNA, 
Estlp, and Est3p are thought to form a complex that acts late during chro- 
mosome replication (S phase) upon recruitment by Cdcl3p, a telomeric DNA 
binding protein. Consistent with this model, we show that Estlp, Est2p, and 
Cdcl3p are telomere-associated at this time. However, Est2p, but not Estlp, 
also binds telomeres before late S phase. The cdc13-2 allele has been proposed 
to be defective in recruitment, yet Estl p and Est2p telomere association persists 
in cdc 13-2 cells. These findings suggest a model in which Estlp binds telomeres 
late in S phase and interacts with Cdcl3p to convert inactive, telomere-bound 
Est2p to an active form. 
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integral RNA template. In yeast, telomerase 
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cies in any or all of which lead to the same est 
(ever shortening telomeres) phenotype, a pro- 
gressive telomere shortening leading to even- 
tual cell death (3). EST2 and TLC1 encode the 
reverse transcriptase and RNA subunit, re- 

spectively. Telomerase action in vivo also 

requires Estlp, Est3p, and Cdcl3p, a protein 
that binds single-stranded TG 13 DNA. A 
current model for telomerase regulation is 
that Cdcl3p binds G tails in late S phase to 
recruit a telomerase holoenzyme consisting 
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6). Consistent with this model, in vivo assays 
have shown telomerase action is cell cycle 
limited, occurring in late S phase or G2-M 
phase (the period between S and mitosis) but 
not in G1 (the prereplicative growth phase of 
the cell cycle) (7, 8). Because Cdcl3p and 
Estlp interact in biochemical and yeast two- 
hybrid assays, recruitment is thought to occur 
via direct binding between these two proteins 
(5). The requirement for Estlp in telomere 
maintenance can be bypassed by artificially 
fusing Cdcl3p to Est2p (4). Also, the est 
phenotype of the cdc13-2 allele, which dis- 
rupts an electrostatic bond with Estlp, can be 
restored by an allele-specific reciprocal mu- 
tation (estl-60) (6). However, contrary to the 
expectations of a recruitment model, the 
cdc13-2 protein and Estlp interact normally 
by both biochemical and two-hybrid criteria, 
suggesting that the functional interaction be- 
tween Cdcl3p and Estlp that is lost in a 
cdc13-2 strain occurs at a step other than 
recruitment (5). 

We used chromatin immunoprecipitation 
(ChIP) to assess the temporal pattern and 
genetic dependence of Estlp, Est2p, and 
Cdcl3p telomere association in vivo (9). 
Sheared chromatin was prepared from form- 
aldehyde cross-linked cells and subjected to 
immunoprecipitation of Estlp, Est2p, 
Cdc13p, and, as a positive control, Raplp, the 
major structural component of telomeric 
chromatin (10, 11). To allow immunoprecipi- 
tation, the chromosomal loci of EST], EST2, 
and CDC13 were tagged with Myc epitopes 
(Fig. 1A) (12, 13). Polyclonal antiserum was 
used to immunoprecipitate Raplp. We used 
quantitative multiplex polymerase chain reac- 
tion (PCR) to monitor coimmunoprecipita- 
tion of three chromosomal loci with each 
protein: ARO, a control, nontelomeric frag- 
ment; ADH, a subtelomeric fragment -5 ki- 
lobase pairs (kbp) from telomere VII-L; and 
TEL, a unique fragment -20 base pairs (bp) 
away from telomere VII-L (Fig. 1B). Enrich- 
ment of ADH and TEL over the background 
amounts in a control Myc antibody precipi- 
tate from an untagged strain reflects subtelo- 
meric. and telomeric association in vivo, re- 
spectively (13). To control for spurious in 
vitro binding to telomeric DNA in the cell 
lysate, we also performed immunoprecipita- 
tions from mock-cross-linked cells. 

In cycling cells, TEL was enriched -60- 
fold over background in immunoprecipitates 
of Raplp antiserum but not a nonspecific 
serum (Fig. 1C, lanes 12, 16, and 17, and Fig. 
1D). Consistent with previous results that 
showed Raplp associates with subtelomeric 
regions, we also observed enrichment of the 
ADH sequence (14). Because enrichment of 
TEL was, for the most part, crosslinker-de- 
pendent, these data confirm previous findings 
that Raplp binds telomeres in vivo. Similar- 
ly, specific, crosslinker-dependent TEL en- 

richment for Cdcl3p that was dependent on 
its DNA binding domain (-30-fold; lanes 9, 
15, and 18 to 20 of Fig. 1, C and D) confirms 
previous findings that Cdcl3p binds telo- 
meres in vivo (12, 15). Lastly, we observed 
specific, crosslinker-dependent TEL enrich- 
ment for Estlp and Est2p (-3.5-fold and 
-16-fold; lanes 7, 8, 13, and 14 of Fig. 1, C 
and D). Therefore, each of the telomerase 
pathway components, Cdcl3p, Estlp, and 
Est2p, associates specifically with telomeres 
in vivo. 

We examined Cdcl3p telomere binding 
through the cell cycle (9). The tagged Cdcl3p 
strain was synchronized in G1 phase with cx 
factor and released into the cell cycle, and 
samples were assayed by ChIP. Control un- 
tagged cells were synchronized simulta- 
neously to determine background at each 
time point. Fluorescence-activated cell sorter 
(FACS) analysis of samples showed that 
progress through the cell cycle was indistin- 

Fig. 1. Estlp, Est2p, and 
Cdcl3p are telomere-associ- 
ated in vivo. ChIP was per- 
formed in either wild-type 
(not tagged) or strains con- 
taining Myc-tagged Estlp, 
Est2p, or Cdcl3p (13). Solu- 
ble chromatin from formal- 
dehyde (w/crosslink) or mock 
treated (w/o crosslink) cells 
was immunoprecipitated 
with antibody to Myc, non- 
specific serum, or polyclonal 
Raplp antiserum. (A) West- 
ern blot probed with anti- 
body to Myc of whole-cell 
extracts from the no tag and 
Myc epitope-tagged strains. 
Identical cell equivalents 
were loaded in each lane. (B) 
Schematic of TEL, ADH, and 
ARO chromosomal loci mon- 
itored by ChIP; solid black 
arrow represents telomere 
VII-L. Open arrows represent 
URA3, ADH4, and AR01 open 
reading frames and their di- 
rections of transcription. (C) 
Multiplex PCR results of a 
representative ChIP experi- 
ment. Twofold serial dilu- 
tions of the input DNA delin- 
eate the linear range of PCR 
(lanes 1 to 5); the remaining 
results are from precipitated 
DNA. Immunoprecipitation 
was performed on the strains 
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guishable for Myc-tagged and untagged cells; 
it also showed that S phase had begun at the 
30-min time point, was almost complete at 45 
min, and was finished at 60 min (fig. S ). The 
experiment was ended at 105 min, before 
mitotic cytokinesis. Wester blot analysis of 
whole-cell extracts revealed that the level of 
Cdcl3p increased -twofold over the course 
of the experiment (Fig. 2A), consistent with 
the doubling of mass as cells progressed 
through the cell cycle and formed buds. 
Cdc13p was telomere-associated in G1 phase, 
and this association persisted through the be- 
ginning of S phase (Fig. 2B, lanes 5 to 10; 
additional G1 phase data for Cdcl3p, Est2p, 
and Estlp are in fig. S2). A large increase in 
association was observed in late S phase, 
peaking at 60 min (-70-fold; lanes 11 to 14 
of Fig. 2B). Given that G tails form in late S 
phase and multiple copies of Cdcl3p can 
bind the same DNA molecule, this increase in 
association is most consistent with Cdcl3p 
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indicated using antibodies to Myc (lanes 6 to 9, 12 to 15, and 18 to 20), nonspecific serum (lanes 
10 and 16), or antiserum to Raplp (lanes 11 and 17). Parentheses refer to either empty vector or 
plasmids expressing Myc-tagged Cdcl3p or a derivative lacking the DNA binding domain 
(Cdc13-ADBD), These plasmids were introduced into a wild-type background, so competition with 
endogenous untagged Cdcl3p lowered TEL enrichment. A fraction of immunoprecipitated material 
was subjected to a Western blot using antibody to Myc to allow comparison of protein yields. (D) 
Data from (C) are expressed as x-fold enrichment of ADH (open bar) and TEL (solid bar) over 
background as described in (13). Samples showing substantial telomere association have fold 
enrichment written (numeral) above the bars. Open bars, ADH; solid bars, TEL. Error bars represent 
the standard error from multiple independent experiments. Results without error bars were 
observed in >two experiments. 
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multimerization on G tails (16). Later in the 
cell cycle, association decreased to a lower 
but still significant level (lanes 15 to 20 of 
Fig. 2B; this level was consistent with that 
seen in nocodazole-arrested cells, fig. S2). 

Cell cycle analysis for Est2p showed no 
changes in protein levels other than the grad- 
ual twofold increase caused by bud growth 
(Fig. 2A). Despite observations that telomer- 
ase does not act at this time, strong Est2p 

telomere association was observed in Gi 
phase cells (Fig. 2B, lanes 5 to 8; fig. S2). 
This high level of association was followed 
by a reduction in signal in early S phase (30 
min), which was in turn followed by another 
strong peak of association in late S phase (45 
min; lanes 9 to 12 of Fig. 2B). Lower levels 
of Est2p association were observed later in 
the cell cycle and also in nocodazole arrested 
cells (Fig. 2B, lanes 15 to 20; fig. S2). This 

Fig. 2. Cell cycle regulation of A ' 

Cdcl3p, Est2p, and Estip o o S ? Lb L o 0 o o 
telomere association. Un- Cdcl3p :. -.. m .w,.-.** .. ,Cdc13p,:.. ..-,,..,i,.: 
tagged and Myc-tagged Est2p ............. Est2p - .--... 
strains were arrested in late Estlp ,,Estlp 
G~ with ot factor (O min), and 

it t- -- 

a, with a factor (0 mm), and Whole cell extracts Precipitated proteins a portion of each was 
removed for ChIP using anti- B Input DNA 

b 0' 15' 30' 45' 60' 75' 90' 105' bodies to Myc. oa factor was l I myc tag 
then removed, allowing 
synchronous progression Cdcl3p ARO 
through the cell cycle. Sam- 

......... 

pLes were taken every 15 
min. Early S phase occurred Es2p 
at 30 min; late S, at 45 and TEL 
60 min (fig. S2). (A) Using Estlp . 4 ADH 
antibody to Myc, Western TEL 

blot of Myc-tagged proteins ~- Co ' LO CD o .o o~ o - o 'I L C or- c o o 
in whole-cell extracts as well Cdclp Est2 
as immunoprecipitated pro- e 5 30- p Estp 
tein over time. Identical cell E 4- 
equivalents are loaded. To al- . X50- 20 
low quantitation of protein I 25- .10- 2- 
levels, twofold serial dilutions O 0 0 , 9 . 0O 
of the 105-min whole-cell u 0 30 60 90 0 30 60 90 0 30 60' 9 
extract are shown. (B) Repre- Time (minutes) 
sentative cell cycle ChIP time 
courses. Multiplex PCR results from the no tag and tagged samples from each time point are shown 
side by side. The Myc tag-dependent fold enrichment of ADH (solid circle) and TEL (solid square) 
over background was determined independently for each time point (13). In each case, results were 
observed in >two experiments. 

Fig. 3. Est2p, Cdcl3p, and Estlp c a 
telomere association in tlclA c > c o 
and cdc13-2 backgrounds. Cy- . ? = = 

cling Myc-tagged Est2, Cdcl3p, A wild tye 
or Estlp cells with wild-type, ix 0.x ix ix ix x 
tlc7A, or cdc13-2 backgrounds Est2p Cdcl3p Estlp 
were subjected to ChIP. (A) Us- 
ing antibody to Myc, Western Est2 Cdc3 Est I II l blots of whole-cell extracts from B Q - m c1 
cycling- Myc-tagged Est2p, Est2p InputDNA 

r 
InpuDNA Input DNA I-u D .~ cdc13-2, Est2p tlcl1A, Cdcl3p, o 1 

Cdcl3p ticlA, Est p, Estlp AROii .i 
-- ? ~i:i i:':::.:: . - i''i 

ticlA, and Est1p cdc13-2 strains. ADH ? :1%: .. ...... 
Identical (1 ) cell equivalents EL 

' L 0 CO coT C )L C L O (D o o 
were loaded except for wild-type ......... 
Est2p, where 1 x and 0.5x cell Precipitated -- *i. :* 

equivalents are shown. (B) Mul- protein 
tiplex PCR results (for quantita- C Est2p (cdc13-2) Estip (cdc13-2) 
tion of these data, see fig. S4). X 30 5 
Relative yields of precipitated 3 4 
proteins are shown. (C) Cell cy- 20- 3 
cle ChIP time courses on Myc- 10C 2k- 
tagged Est2p and Estlp cdc13-2 x Q . 1-. . . 
cells. Experiments were per- * * * o 
formed as in Fig. 2. FACS profiles 0 30 60 90 0 30 60 90 
and protein levels at each time Time (minutes) 
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pattern was reproducible in five of five inde- 
pendent experiments and was also observed 
for telomere VI-R (fig. S3) (17). Variations 
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changes in Est2p immunoprecipitation effi- 
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telomere-associated in late S phase, a time 
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vivo. 

The telomerase-null phenotype of the 
cdc13-2 allele has been interpreted as elimi- 
nating telomerase recruitment due to disrupt- 
ed interaction between Cdcl3p and Estlp (6, 
19). This model predicts that neither Estlp 
nor Est2p will be telomere-associated in a 
cdc13-2 background. However, telomere as- 
sociation of both Estlp and Est2p was normal 
in cycling cdc13-2 cells (Fig. 3B, lanes 6, 8, 
17, and 19; fig. S4). As a control, we also 
monitored binding in a tlclA background. 
The steady state level of Est2p in cycling 
tlclA cells was reduced -twofold, but was 
not reduced in cdc13-2 cells (Fig. 3A). This 
effect was specific; a TLC1 deletion affected 
neither Cdcl3p nor Estlp levels (Fig. 3A). 
Thus, TLC1 RNA is required for full stability 
of Est2p in vivo. In addition, TLC1 was 
required for Est2p but not Cdcl3p telomere 
association (Fig. 3B, lanes 5-7 and 9-10). 
Estlp telomere association was also substan- 
tially decreased in the tlclA strain (Fig. 3B, 
lanes 16 to 18; fig. S4). 

We examined Est2p association through- 
out the cell cycle in synchronized cdc13-2 
cells. Est2p telomere association was similar 
to wild-type at all time points tested except in 
late S phase (45 min), when the peak of 
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association observed in wild-type cells was 
missing in the mutant (Fig. 3C, fig. S5). The 
missing late S phase peak was not due to an 
absence of telomere-bound Cdcl3p, as we 
observed no difference in telomere binding 
between cdc13-2 protein and wild type 
Cdcl3p (17). For Estlp, cell cycle ChIP 
showed that, if anything, telomere binding 
was slightly enhanced at most time points in 
cdc13-2 cells (Fig. 3C, fig. S5). The cdc13-2 
allele is deficient in interaction with Stnlp 
(20). It is possible that the increase in Estlp 
telomere association in cdc13-2 cells reflects 
increased telomere accessibility due to a lack 
of steric hindrance from Stnlp. Regardless, 
from these data we conclude that Estlp is 
fully able to associate with telomeres in a 
cdc13-2 background. 

Telomerase action is not observed in G1 
phase cells, yet we observed strong TLC1- 
dependent telomere association of Est2p, the 
catalytic subunit, at that time point (Figs. 2 
and 3, fig. S2). Access of the Est2p-TLCl 
RNA complex to chromosome ends is, there- 
fore, not sufficient for telomerase action in 
vivo. The Est2p signal was decreased, but not 
eliminated, in early S phase, reflecting either 
dissociation of Est2p from a subset of telo- 
meres or decreased cross-linking efficiency, 
possibly through a change in conformation or 
in neighboring components of telomeric 
chromatin. We observed a second peak of 
Est2p telomere association in late S phase 
(Fig. 2B). The fact that this peak did not 
occur in the telomerase-defective cdc13-2 
background suggests that it reflects an essen- 
tial process for telomerase action in vivo (Fig. 
3C, fig. S5). Our findings suggest that two 
key events are concurrent with the late S 
phase Est2p peak: multimerization of Cdc13p 
on the G tail and Estlp binding. We propose 
that Estlp is a cell cycle regulated (Fig. 2A) 
activator of telomerase that binds to an inac- 
tive, telomere-bound Est2p-TLC1 RNA com- 
plex in late S phase and then interacts with 
one or more Cdcl3p molecules arrayed on 
the G tail. This interaction changes the state 
of bound Est2p, either through binding of 
additional Est2p (e.g., dimerization) (21) or a 
conformational change that enhances cross- 
linking; this is manifested as the late S phase 
peak of Est2p telomere association and re- 
sults in activation of telomerase for synthesis. 
The cdc13-2 mutation disrupts a functional 
interaction with Estlp (6). Because Estlp 
telomere association is robust in cdc13-2 
cells (Fig., 3, B and C), this functional inter- 
action must be separable from and down- 
stream of Estlp telomere binding. We pro- 
pose the telomerase deficiency of the cdc13-2 
allele reflects failure to interact properly with 
telomere bound Estlp to promote activation, 
resulting in persistence of inactive Est2p at 
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REPORTS 

considerable Est2p telomere association after 
S phase (Fig. 2B; fig. S2), suggesting that at 
least a subset of Est2p remains bound to 
telomeres for the remainder of the cell cycle, 
perhaps as a protective cap (21). Because the 
G1 peak of association followed low associ- 
ation in M phase (17), Est2p appears to load 
onto telomeres again at the beginning of the 
next cell cycle. 
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Orc6 Involved in DNA 

Replication, Chromosome 

Segregation, and Cytokinesis 
Supriya G. Prasanth, Kannanganattu V. Prasanth, Bruce Stillman* 

Origin recognition complex (ORC) proteins serve as a landing pad for the 
assembly of a multiprotein prereplicative complex, which is required to initiate 
DNA replication. During mitosis, the smallest subunit of human ORC, Orc6, 
localizes to kinetochores and to a reticular-like structure around the cell pe- 
riphery. As chromosomes segregate during anaphase, the reticular structures 
align along the plane of cell division and some Orc6 localizes to the midbody 
before cells separate. Silencing of Orc6 expression by small interfering RNA 
(siRNA) resulted in cells with multipolar spindles, aberrant mitosis, formation 
of multinucleated cells, and decreased DNA replication. Prolonged periods of 
Orc6 depletion caused a decrease in cell proliferation and increased cell death. 
These results implicate Orc6 as an essential gene that coordinates chromosome 
replication and segregation with cytokinesis. 
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The initiation of DNA replication in eukaryotic 
cells is a highly regulated process that leads to 
the duplication of the genetic information for 
the next cell generation. Duplication of chro- 
mosomes in S phase is followed by segregation 
of the resultant sister chromatids during mitosis 
(1). Initiation of DNA replication is mediated 
by a conserved set of proteins, including ORC, 
which is bound to origins of DNA replication 
and is highly conserved (2-4). In human cells, 
ORC consists of six subunits. In Drosophila 
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embryos, Orc6 forms a complex with other 
ORC subunits, but there is a major fraction of 
Orc6 that is not part of the ORC complex, a 
function for which is hitherto unknown (5, 6). 
Although ORC acts as a DNA replication ini- 
tiator protein, it is known to function in other 
cellular processes such as transcriptional gene 
silencing and heterochromatin formation (2). 
To function in DNA replication, ORC proteins 
need to be recruited to chromatin, but their fate 
during mitosis has not been clearly established. 

We used immunofluorescence to investi- 
gate the cell cycle localization of Orc6 pro- 
tein in human cells. The polyclonal antibody 
to Orc6 (anti-Orc6) (7) was highly specific 
(fig. S1). Orc6 was localized in the nucleus 
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