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Telomere integrity is maintained through end-protection proteins
that block nuclease degradation and prevent telomeres from being
recognized as DNA breaks. Although less well understood, end
protection proteins may also play a role in facilitating telomere
replication. Here, we show that overproduction (OP) of the yeast
telomere capping protein Stn1 makes cells highly sensitive to the
replication inhibitors hydroxyurea (HU) and methyl-methane sul-
fonate (MMS). Unexpectedly, this sensitivity corresponds with
Stn1 OP blocking most, if not all, aspects of the S phase checkpoint.
The checkpoint kinase Rad53 is phosphorylated with normal timing
in Stn1 OP cells, indicating Stn1 does not interfere with signaling
steps involved in activating the checkpoint. Part of the role of Stn1
in telomere integrity is mediated through the Pol12 subunit of DNA
polymerase a (Pola). We show that overproduced Stn1 generally
associates with chromosomes in HU treated and untreated cells,
and, remarkably, Stn1 chromosome binding and OP checkpoint
defects are rescued in po/72 mutants. We propose Stn1 normally
promotes Pola activity at telomeres but can be recruited through
Pol12 to nontelomeric sites when overproduced. During replication
stress, the mislocalized Stn1 may inappropriately promote Pol« in
a manner that interferes with Rad53 effector mechanisms control-
ling replication fork integrity.

polymerase a | POL12 | RAD53

elomere-binding proteins have a critical role facilitating

linear chromosome maintenance, forming complexes that
not only protect the chromosome ends, but also regulate exten-
sion of the G-rich telomere repeats by telomerase (1). Telomere-
binding proteins may also impact terminal replication forks or
postreplicative synthesis of the telomere C-strand (2, 3). Al-
though less well understood, roles for telomere proteins in
telomere replication are likely to be crucial, because failure to
fully duplicate the chromosome termini can compromise ge-
nome stability. Telomeres that lose the function of their pro-
tective protein complexes are unmasked and activate DNA
damage checkpoint signaling pathways. Failure to block inap-
propriate nuclease action or to duplicate fully the chromosome
termini can compromise genome stability.

In the budding yeast Saccharomyces cerevisiae, Cdc13 binds to
the single-strand G-rich telomere repeats and collaborates with
2 interacting proteins, Stnl and Tenl, to protect chromosome
ends (4), preventing generation of extensive telomere-proximal
single-stranded (ss) DNA during S and Go/M phases of the cell
cycle (5, 6). A consensus model is that Cdc13, Stnl, and Tenl
function together to bind telomeric DNA, forming a physical cap
that blocks nuclease activity. The situation, however, may be
more complex. In particular, simultaneously increasing the level
of the N-terminal putative OB-fold domain of Stn1 together with
Tenl allows telomere capping even in the complete absence of
Cdcl13, indicating redundant or alternate Cdcl3-independent
means for achieving a protected state (7). Moreover, in Schizo-
saccharomyces pombe, the Stnl and Tenl homologs apparently
function independent from Potl, which binds the ss telomere
G-rich DNA (8).
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In addition to telomere capping, Cdc13, Stnl and Tenl are
involved in telomere replication. Cdc13 has been shown to be
important in allowing telomerase to access chromosome ends to
synthesize the G-rich telomere strand (4). Furthermore, after
telomerase extension, completion of telomere replication re-
quires that Pola synthesize the telomere C-rich strand, using the
G-rich ss region as template. Based in part on interactions of
Cdc13 and Stnl with Pole, Cdc13, Stnl, and Tenl are suggested
to promote Pole activity at telomeres (9, 10). In some way that
is not yet understood, Pola is critical for Stnl to promote
Cdc13-independent capping, suggesting a relationship between
the capping and replicative aspects of Stnl function (7).

Here, we demonstrate that increased Stnl levels, and in
particular, the Stnl C terminus, strongly interfere with the S
phase checkpoint response to DNA replication stress. This
interference occurs at a step downstream of activation of Rad53,
the central kinase responsible for transducing the S phase
checkpoint signal, and affects multiple checkpoint controls,
including regulation of late origin firing and replication fork
progression. Overproduced Stn1 is broadly distributed on chro-
mosomal DNA, and mutations in the Pol12 regulatory subunit
of Pola block Stnl chromosome association. Critically, these
same pol12 alleles also restore the S phase checkpoint in Stn1 OP
cells. Based on these findings, we discuss a model in which Stn1
and Pol12 normally interact to promote Pola replicative activity
at telomeres. When Stnl levels are increased, however, Pol12
redirects Stnl to other chromosomal sites, potentially misregu-
lating Pola in a way that overrides S phase checkpoint-mediated
replication fork control.

Results

We previously showed that the Stnl C terminus provides only
modest dosage suppression of cdc13-1 temperature sensitivity
and cannot bypass CDC13 essential function in a manner similar
to the Stnl N terminus (7). In investigating these observations,
we found that Stnl OP in wild-type cells leads to extreme
sensitivity to DNA replication stress induced by either HU or
MMS (Fig. 14). This toxicity requires Stnl OP, because strains
expressing STN! from its native promoter on either high-copy or
low-copy plasmids show similar HU- and MMS-resistance as
controls (Fig. 14). The severity of this phenotype was remark-
able. Full-length Stnl (Stn1'*°*) and the nonessential Stnl C
terminus (Stn1!73-4%4, Stn1187-494 Stn1288-494) confer sensitivity to
10 mM HU, although Stn1288-4% sensitizes cells to concentrations
of HU as low as 5 mM [supporting information (SI) Fig. S1]. On
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Fig. 1. Stn1-overproducing cells are HU and MMS sensitive. (A) Twentyfold
serial dilutions of the indicated strains were stamped on HU- or MMS-
containing media. Wild-type cells bear empty vector (pLX416) or high-copy
plasmids expressing full-length or truncated STN7 from the ADH promoter (OP
plasmids: pCN418-pCN424). stn1-A cells are kept viable by OP plasmids or
plasmids expressing STNT from its native promoter (pCN1, pVL1066). Wild-
type and mec7-21 strains are shown for comparison. (B) Stn1 OP is not toxic in
rad53-21. Tenfold serial dilutions of wild-type and rad53-21 cultures with
vector, pGAL-STN1 (pVL1051) or pGAL-STN1288-494 (oPC33) were stamped on
the indicated media. (C) Subtelomere Y’ replication intermediates in pADH-
STN1285-494 (hCN186)-expressing cells. EcoR1-digested DNA was fractionated
on 2D gels and probed for an ARS within the a telomere Y’ element (32).

the other hand, the Stnl N terminus has a significantly reduced
impact (Fig. 14) (7). Thus, OP of a C-terminal fragment of Stn1
is sufficient to induce extreme sensitivity to DNA replication
stress. This region contains no obvious protein motifs, but
interacts with Pol12 and Cdc13 (7, 10).

There are at least 2 general interpretations for the sensitivity
of Stnl-overproducing cells to replication stress. First, Stnl OP
might cause DNA damage independently of exogenous stress or
otherwise act to increase the potency of HU or MMS. However,
Rad53 is not required to maintain viability in cells overexpress-
ing STNI from a galactose-inducible promoter in the absence of
HU (Fig. 1B). Thus, Stnl OP alone does not impose a require-
ment for DNA damage checkpoint-surveillance mechanisms. In
addition, neither aberrant ss DNA nor an altered replication fork
pattern is observed in cells overexpressing Stn1288-4% (Fig. 1C,
data not shown), suggesting that Stn1 OP did not obviously cause
DNA replication stress on its own.

A second interpretation of the HU sensitivity of Stnl OP
strains is that the S phase checkpoint is defective. In budding
yeast, a defining phenotype of S phase checkpoint mutants is that
they exhibit premature extension of the mitotic spindle after HU
treatment, leading to abortive segregation of partially replicated
chromosomes (11-13). S phase checkpoint proficient cells, on
the other hand, arrest with short spindles. We observed that the
Stnl overproducing cells show a severe uncoupling of DNA
replication and spindle extension in the presence of HU, exhib-
iting a percentage of cells with abnormally extended spindles
comparable to HU-treated rad53-21 mutants (Fig. 2).

In addition to blocking spindle extension, the S phase check-
point also acts to delay late replication origin firing and stabilize
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Fig.2. Spindle elongation in HU-treated Stn1 OP cells. Gy-arrested cells were

released into 200 mM HU, fixed after 3 h, and stained with a-tubulin. Histo-
grams show the distribution of spindle lengths in wild-type, rad53-21, or
PADH-STNT cells (100 each). The percentage of cells with spindles >3 um is
displayed, along with images of DNA and spindle staining.

active replication forks from potentially lethal collapse (14). To
determine whether these aspects of the S phase checkpoint were
also deregulated by Stnl, we analyzed origin firing and fork
progression in Stnl OP cells in the presence of MMS, which
activates the S phase checkpoint but permits limited replication.
To do this, BrdU was allowed to incorporate into DNA for
defined periods of time. The labeled DNA was recovered by
immunoprecipitation (IP) with anti-BrdU antibodies and hy-
bridized to a microarray to reveal regions of active DNA
synthesis (15). As evaluated by this method, late replication
origins such as ARS601/2 and ARS603 can be seen to fire
inappropriately in Stn1 OP cells during the 30- to 60-min BrdU
pulse after release from a-factor (Fig. 34). Increased DNA
synthesis is also observed within this time frame at the telomere
proximal ARS610. No such firing of these origins was observed
in vector controls. This analysis also showed that replication
forks appear to progress less efficiently in the MMS-treated
Stnl-overproducing cells. For example, in comparing replication
fork progression from ARS306 or ARS607 during the 30- to
60-min interval, the DNA synthesis associated with the progress-
ing fork is less extensive in Stnl OP than the vector samples (Fig.
3). Consistent with this data, and similar to cells with checkpoint
defects (15), FACS analysis shows that Stnl OP cells traverse S
phase more quickly than control cells in the presence of MMS
(e.g., 75 min or 90 min) and show normal cell cycle timing in the
absence of exogenous damage (Fig. S2). In the checkpoint-
deficient strains, the additional forks that emanate from the fired
late replication origins are thought to compensate for the slower
progression of individual forks.

Together, these data indicate that Stn1 OP induces a virtually
complete override of multiple aspects of the S phase checkpoint
that are important in maintaining genome stability. Therefore,
we next evaluated hypotheses for how this checkpoint interfer-
ence might occur. The simplest hypothesis is that Stnl short-
circuits an upstream step in the checkpoint signaling pathway.
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Replication origin firing and fork progression in MMS by BrdU-IP-chip. G1 synchronized cells expressing vector or pADH-STN1 (pLX421) were released

into media containing 0.033% MMS. For each strain, 1 aliquot was harvested after incubation with BrdU from 0 to 30 min after release, and a second aliquot
was harvested after BrdU exposure from 30 to 60 min. Replicated DNA was isolated by a-BrdU IP, labeled, and hybridized to a tiling array covering sequences
on chromosome VI and the left arm of chromosome Ill. ARS608, ARS609, and ARS305 are deleted in this strain. Total DNA from Gi-arrested cells was used as a
reference control. Blue lines represent enriched regions. The scale of the X axis differs for chromosomes VI and IlI.

Because the loss of STNT function can lead to excessive ss DNA
at telomeres (16, 17), one hypothesis to explain these observa-
tions is that Stnl OP acts in an opposite way, reducing ss DNA
at stalled forks. In theory, this could lead to an attenuation of
signaling structures responsible for activating the checkpoint.
However, we found that in response to HU or MMS treatment,
the extent of the Rad53 phosphorylation shift, which provides a
reliable indicator of checkpoint activation (18-20), does not
appear to be affected by OP of Stnl or Stn128%-4% (Fig. 4 4 and
B and Fig. S3).

A rad9-A / pvector rad9-A/pSTN1 288-494
min.inHU 0 30 60 9 0 30 60 90 0

o-Radb53

rad9-A / vector rad9-A /STN1

min.inHU 0 30 60 90 0 30
0-Rad53

—@— wild-type / pSTN1 288-494

--@-- rad9-A / pSTN1 288-494

It has been shown that Rad53 can be activated through 2
different mediators of checkpoint signaling, Mrcl and Rad9. In
response to activation of the S phase checkpoint by HU treat-
ment, Rad53 is normally activated by Mrcl (21). When Mrcl is
defective, however, Rad53 can still be activated, albeit with
delayed kinetics, through the Rad9-dependent DNA damage
pathway (21). From these observations, it remained possible that
Stnl OP might interfere with the S phase checkpoint by blocking
Rad53 activation through Mrcl, in essence acting like a mrcl
mutant. In this case, Stnl OP in a rad9 strain should lead to a
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30 60 90
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60 90 0 .30
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Fig.4. Activation of Rad53. (A and B) Time course of
Rad53 activation by HU treatment. Cultures of rad9-A
cells bearing vector (pLX416), pADH-STN1 (pLX421), or
PADH-STN1288-494 (p.X423) were synchronized in G4
and released into 200 mM HU. At the indicated times,
protein extracts were prepared and analyzed by
a-Rad53 Western blot. Rad53 phosphorylation in a
mrcT-Astrain is shown for comparison. (C) Cell survival
after HU exposure. rad53-27or wild-type and rad9-A
strains with pLX416, pLX421, or pLX423 were exposed
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determined. The averages from 3 experiments are
plotted.
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failure to activate Rad53, similar to mrcl rad9 mutants (21).
Therefore, we examined Rad53 phosphorylation in rad9-A cells
(Fig. 4 A and B and Fig. S3). Although we reproduced the delay
and partial reduction in Rad53 activation in HU-treated mrcI-A
mutants, the extent and kinetics of Rad53 phosphorylation
appear unaltered in rad9-A cells overproducing Stnl. Further-
more, Stnl OP is distinct from what has been previously dem-
onstrated for mrcl loss because inactivation of RAD9 does not
influence the viability or HU sensitivity of Stn1l OP cells (Fig. 4C
and data not shown), and Stn1 OP cells are much more sensitive
to HU than mrcl (Figs. 14 and 4C) (21). Thus, Stnl OP is not
equivalent to inactivating Mrcl.

After Rad53 activation, the levels of ribonucleotide reductase
(RNR) increase, counteracting the impact of HU on dNTP pools
and allowing rad53- A strains to be viable (22). Thus, one way that
Stnl OP might antagonize S phase checkpoint regulation is by
preventing dNTP accumulation. However, disrupting sml!l, en-
coding a RNR inhibitor, and overexpressing RNRI do not alter
the HU sensitivity of Stnl OP strains (Fig. S4). This indicates
that Stnl OP is not perturbing S phase checkpoint control by
interfering with RNR.

As Stnl OP does not obviously interfere with Rad53 activa-
tion, another possibility is that Stnl generally antagonizes the
ability of activated forms of Rad53 to execute checkpoint
functions. As one test of this, we asked whether the DNA damage
checkpoint remains intact in Stn1 OP cells in which a conditional
DSB is generated by inducing expression of the HO endonucle-
ase (23) (Table S1). After induction of the DSB, the Stnl OP
cells delayed cell division in a manner similar to vector controls,
indicating that Stn1 overproducing cells remain proficient for the
G»/M DNA damage checkpoint. Thus, if Stnl interferes with
Rad53, it must do so in a way that specifically deregulates
targeting of checkpoint substrates involved in the response to
HU or MMS treatment. On the whole, our results are most
consistent with the view that Stnl OP overrides the S phase
checkpoint downstream of Rad53, interfering with checkpoint
effector mechanisms.

Given these considerations, the final hypothesis tested was
that Stnl OP causes telomere-specific functions to be inappro-
priately redirected to challenged replication forks or the oppo-
site, that proteins critical for challenged forks become misdi-
rected to telomeres. If this were so, one prediction is that critical
targets of Stnl would be components of the replication machin-
ery or telomere binding factors, and blocking the effect of Stnl
OP on its target would restore the checkpoint. We therefore
tested whether altering the level or function of proteins that
interact with Stn1 could ameliorate Stnl OP sensitivity to DNA
replication stress. Two candidate targets are Cdcl3 and Tenl,
which are thought to associate with Stn1 to form a heterotrimeric
telomere-capping complex. However, our data indicate neither
protein is a critical target. First, increasing CDCI13 dosage does
not suppress Stnl OP damage sensitivity, although there is a very
slight improvement in growth of cells overproducing a Cdc13
protein with a partial deletion of its DNA-binding domain (Fig.
S1A). Second, rather than suppressing Stnl OP, TENI overex-
pression is lethal, even in the absence of exogenous damage (Fig.
S1B). This lethality is not necessarily linked to the checkpoint
disruption because TENI overexpression is toxic only for full-
length Stn1 OP, but not for Stn128%-494 OP, which fails to interact
with Tenl (17). Third, neither Cdc13 nor Tenl OP interferes
with S phase checkpoint cell cycle arrest in HU-treated cells
(data not shown).

In addition to the telomere capping proteins, Stnl associates
with Pol12, the regulatory subunit of Pola (7, 10). Remarkably,
2 different poll2 loss-of-function mutants, pol12-40 and poll2-
216, significantly attenuate both the HU sensitivity and S phase
checkpoint_spindle extension_phenotype associated with in-
creased Stnl. The poll2-40 mutant led to a more dramatic
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improvement in viability on HU than pol12-216 (Fig. 5 A and B
and Fig. S5). However, either allele was able to reverse the
spindle elongation defect (Fig. 5C). To test whether any pertur-
bation to Pola function reverses the Stnl OP phenotypes, we
assessed Stnl OP in cdcl7-2 or poll-236 strains harboring
mutations in Poll, the catalytic subunit of Pola. Unlike the poli2
mutations, neither poll mutation suppressed Stnl OP damage
sensitivity (Fig. S6). For cdc17-2, Stn1 OP reduced the maximum
permissive temperature of* the strain.

One hypothesis to explain why Stnl override of the S phase
checkpoint is sensitive to Pol12 is that the interaction between
these proteins causes overproduced Stnl to become mislocalized
to chromosomal regions outside of telomeres. To test this, we
examined Stn1 association with chromosomal DNA by spreading
analysis. In the presence or absence of HU, overproduced Stnl
localized throughout spread nuclei, showing a tendency to
concentrate into punctate foci (Fig. 5D and Fig. S7). As evalu-
ated by Western blot, overproduced Stnl accumulated to a
similar extent in wild-type and pol12-40 cells (Fig. SE); however,
the excess Stnl largely failed to associate with chromosomes in
the pol12-40 strain (Fig. 5D and Fig. S7). Conversely, the Stnl
staining intensity noticeably increased in HU treated rad53 cells
(Fig. S7), suggesting that defective S phase checkpoint regulation
could stimulate Stnl chromosome association. These observa-
tions show that overproduced Stnl can associate with chromo-
somes at nontelomeric sites, and restoring the S checkpoint in
poll2 mutants corresponds with reduced Stnl chromosome
binding. Overall, our results suggest interaction between Stnl
and Pol12 on replicating chromosomes is a necessary precondi-
tion for Stnl OP to deregulate the S phase checkpoint.

Discussion

The S phase checkpoint modulates replication fork stability and
progression to prevent replication errors and replication fork
collapse (14). The mechanisms through which the checkpoint
acts on the DNA replication machinery, however, remain poorly
defined. Here, we have shown that the telomere maintenance
protein Stnl has an unanticipated ability to interfere with the S
phase checkpoint, accompanied by extreme sensitivity to repli-
cation inhibitors such as HU and MMS. All aspects of the S
phase checkpoint that we examined were deficient in Stn1 OP
cells, including the ability of the checkpoint to block late
replication origin firing, to maintain progression of stabilized
replication forks, and to couple completion of DNA replication
to extension of the mitotic spindle. Given that Stn1 OP disrupts
multiple checkpoint responses, it is notable that both the timing
and extent of Rad53 activation by replication stress appears
unaffected by Stnl OP. In addition, the DNA damage check-
point, which depends critically on Rad53, remains functional
after Stn1 OP. Thus, Stn1 most likely acts downstream of Rad53
to interfere with S phase checkpoint effector mechanisms. The
ability of the poll12 mutants to restore HU-resistance and cell
cycle arrest supports this interpretation and suggests that Pol12
is an important target of Stnl checkpoint interference. As
discussed below, these findings have implications for how the S
phase checkpoint controls replication fork stability and how Stn1
functions at telomeres.

Stn1 and Pol12 in the S Phase Checkpoint. Pola has previously been
implicated in the S phase checkpoint, although a complete
understanding of the nature of this involvement has yet to
emerge. In fission yeast and Xenopus, primer synthesis by Pola
appears to be required to generate a replication stress signal that
activates the S phase checkpoint (24, 25). Other studies suggest
Pola is a downstream checkpoint target. First, cell cycle-
regulated phosphorylation of Poll2 is delayed in a RAD53-
dependent manner after DNA damage (20), potentially influ-
encing Pol12 chromatin association or replisome stability (26).

PNAS | February 17,2009 | vol. 106 | no.7 | 2209

www.manaraa.com

CELL BIOLOGY


http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=SF6
http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=SF7
http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=SF7
http://www.pnas.org/cgi/data/0812605106/DCSupplemental/Supplemental_PDF#nameddest=SF7

Downloaded at Palestinian Territory, occupied on December 31, 2021

GAL-STN1 GAL-STN1288-494 C 30

0 mM HU

WT / vector|
3%
1 2 3 4 5 6

+HU

60 —

/

Number

0_

9%
1 2 3 4 5 6

40 —
pol12-40 / vector|

20 —

Spread Nuclei with Ab signal (%) D
'.

B wild-type

AR X A
460\05"$ @ g™

pol12-40 0

Number

39.% "HU
80
T
60 —
6

& >
N 3 < Q&W \"80

rad53-21

10 mM HU
Number

2
I
s
E
w
NE

Number

50 mM HU

1 2
Spindle length (um)

Fig. 5.

3 4 5 6

g
T
2
S
>
2
12 3 4 5 p
WT / pGAL-STN1 2 40
o
32% S
2 T
F z
Q.
2]
0
3 4 5 6 é}o‘ o DSTNT___
pol12-40 / pGAL-STN1 §$ N Qo\’\”’ @efah’
7%

wild-type
vector Stn1

pol12-40
vector Stn1

o—HA

pol12 mutations reduce Stn1 interference with the S phase checkpoint. (A and B) Tenfold serial dilutions of po/72 cultures overexpressing STNT or

STN1288-494 (nCN 177, pPC30) were plated on Ura-galacotose media with varying HU concentrations. (C) Spindle length was measured in Gy-arrested cells released
into 200 mM HU for 3 h. The percentage of cells with spindles >3 um is indicated. (D) Chromosome spreads were prepared from the indicated strains transformed
with vector (pLX416) or plasmids overproducing HA-tagged Stn1 (pLX421). Cells were harvested 120 min after Gy synchronization/release in the presence or
absence of 200 mM HU; 250 nuclei were evaluated for staining above background florescence. (E) HA-Stn1 evaluated in strains used in D by Western blot.

Second, analysis of the pril-M4 allele led to a model where
replication of UV- or MMS-damaged DNA templates is con-
trolled by blocking Pola primase activity (27). pril-M4 mutants
were suggested to be immune from this regulation, leading to a
dominant G;/S phase checkpoint defect. The pril-M4 defect is
distinct from Stnl OP, however, because the pril-M4 strains
remain proficient for S phase checkpoint responses induced by
HU treatment.

Previous genetic studies have suggested Stnl and Poll2 col-
laborate to maintain telomere end protection, with chromosome
capping defects synergistically enhanced in double mutants (10).
Stn1 and Pol12 may also act together during telomere replication
by promoting lagging-strand telomere synthesis. Interestingly,
from a genetic standpoint, this interaction parallels our obser-
vations after Stnl OP, with the ability of Stnl to effect check-
point override requiring Pol12 function. Although the molecular
basis for Stn1 checkpoint abrogation remains to be determined,
our observations establish a framework for interpreting this
phenomenon. In particular, our data suggest that when Stnl is
present at inappropriate high levels, Poll2 recruits Stnl to
nontelomeric chromosomal sites. The relationship between sites
of Stnl binding, Poll12 localization, and DNA replication are
presently unclear. Nonetheless, mislocalized Stnl might do one
of two things. First, it might directly promote priming or another
aspect of Pola activity that antagonizes what the checkpoint does
to stabilize the replisome. Second, because the Stnl essential
function is thought to be blocking telomere resection (8, 16, 28),
it is conceivable that mislocalizing this capping activity to stalled
forks has deleterious consequences for checkpoint regulation of
fork metabolism. Preventing Stnl_mislocalization by short-
circuiting the Stn1-Pol12 interaction would relieve these dele-
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terious effects. Importantly, Stnl OP does not obviously affect
S phase progression or cause DNA damage in the absence of
replication stress. Because strains with reduced Pola function
are not typically sensitive to HU or MMS, we surmise that Stnl
OP does not normally antagonize Pole, and an impediment to
fork progression may be a necessary precondition for Stnl to
interfere with DNA replication.

Although the relevant substrates are largely unknown, Rad53
is generally thought to control 3 distinct S phase checkpoint
effector mechanisms: regulation of origin firing, stabilization of
replication forks, and restraint of spindle extension. Alterna-
tively, it has been suggested that the spindle extension defect of
HU-treated rad53 mutants is an indirect outcome of defective
centromere replication (11), raising the possibility that what
appear to be distinct aspects of checkpoint regulation may
actually be mechanistically linked. Our observations that per-
turbations to Poll2, a component of the DNA replication
machinery, restore the spindle extension block and restore
viability to HU-treated Stnl-overproducing cells is consistent
with a coupling of at least the fork stability and spindle extension
checkpoint responses; it will be of interest to determine whether
the block to late origin firing is similarly restored. Thus, the
interaction between Stnl and Poll2 may have a considerable
bearing on how the S phase checkpoint is actually organized.

Stn1 and Pol12 in Telomere Replication. Despite its interactions with
Pole, Stnl has been considered a telomere-capping protein,
protecting the telomere C-rich strand from degradation and
having a secondary role in promoting telomere C-rich strand
synthesis after telomerase extends the G-rich strand. S. cerevisiae
telomeres are ~350 base pairs long and maintain a short 3’
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G-rich terminal overhang, suggesting that the lagging strand can
be initiated close to the telomere end. Whether a mechanism
exists to facilitate priming close to the terminus during semi-
conservative replication or to promote complete telomere C-
strand synthesis independent of the replication fork is not
known. We speculate that when Stnl levels are increased, the
role for Stnl in promoting telomere C-rich strand synthesis
becomes executed in an improper context after DNA replication
stress.

In closing, we note that the ability of Stnl OP to disrupt the
S phase checkpoint puts some previous observations in new light.
In prior work, we found that OP of Stn1'-1%¢ with Ten1 could
completely bypass the Cdcl3 essential function, but OP of
full-length Stnl was unable to support this Cdc13 bypass (7).
Given our current findings, proper S phase checkpoint control
may be required to establish or maintain the bypass mechanism,
and OP of full-length Stn1 interferes with this process. It is also
interesting to consider whether the S phase checkpoint defects
associated with increased Stnl levels contribute to the delayed
senescence of strains deficient for both telomerase- and non-
sense-mediated mRNA decay (29) or to the reduced telomere
length of replication mutants (30). Finally, a putative STN/
homolog, Obfcl, does exist in higher eukaryotes (8). Given that
the pathways for maintaining telomeres have shown some flex-
ibility in evolution, it will be of interest to see whether Obfcl has
a critical function in telomere capping, DNA replication, or the
response to replication stress.
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containing 200 mM HU were performed as previously described. To assay cell
cycle arrest after an HO-mediated DSB, 49 cells from each strain were micro-
manipulated to form a grid on glucose or galactose media, incubating at 30 °C.
At indicated time points, the number of cell bodies per microcolony was
counted.

Protein Methods. Rad53 phosphorylation was assessed by preparing cell ex-
tracts in 20% TCA (18). Fifty microliters of each lysate was loaded and sepa-
rated on a 10% 30:0.39 acrylamide/bisacrylamide gel. Western Blots were
probed with an a-Rad53 antibody (Santa Cruz Biotechnology).

Spindle Measurement. Gq-synchronized/released cells were fixed after a 3-h
exposure to 200 mM HU and processed for a-tubulin immunofluorescence as
described (11). Metamorph software was used to measure spindle length in at
least 100 cells.

Analysis of DNA Replication. For analysis of telomere proximal replication
forks, DNA was purified by cesium chloride density gradient centrifugation as
described in ref. 31. The DNA samples were digested with EcoRI before
electrophoresis, and the blots were probed as in ref. 32. Two different-sized
fragments that contain Y’ ARS were detected in the Southern Blot. The
BrdU-IP-chip microarray was conducted and analyzed as described in ref. 15.
The procedure is outlined in Fig. S2.

Chromosome Spreads. Chromosome spreads were prepared and stained as
previously described (33) by using DAPI and anti-HA antibody 12CA5 (Roche).
From 4 independently prepared slides, 250 nuclei were scored for the presence
of staining above background florescence.
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