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SUMMARY

The firing of eukaryotic origins of DNA replication re-
quires CDK and DDK kinase activities. DDK, in partic-
ular, is involved in setting the temporal program of
origin activation, a conserved feature of eukaryotes.
Rif1, originally identified as a telomeric protein, was
recently implicated in specifying replication timing
in yeast and mammals. We show that this function
of Rif1 depends on its interaction with PP1 phospha-
tases. Mutations of two PP1 docking motifs in Rif1
lead to early replication of telomeres in budding
yeast and misregulation of origin firing in fission
yeast. Several lines of evidence indicate that Rif1/
PP1 counteract DDK activity on the replicative
MCM helicase. Our data suggest that the PP1/Rif1
interaction is downregulated by the phosphorylation
of Rifl, most likely by CDK/DDK. These findings
elucidate the mechanism of action of Rif1 in the con-
trol of DNA replication and demonstrate a role of PP1
phosphatases in the regulation of origin firing.

INTRODUCTION

The replication of Eukaryotic genomes is a highly regulated pro-
cess. DNA replication starts at defined positions in the genome,
called origins, the activation of which is strictly confined to the S
phase of the cell cycle (Labib, 2010). Binding of the heterohexa-
meric MCM helicase to a DNA-bound origin recognition complex
(ORC) constitutes a first step in the assembly of a functional
origin complex, or prereplication complex (pre-RC). The pre-
RC is then activated by the action of the cyclin- and Dbf4-depen-
dent kinases (CDK and DDK, respectively) at the end of the G1
phase. The essential function of CDK in DNA replication is the
phosphorylation of the SId2 and SId3 proteins (Tanaka et al.,
2007; Zegerman and Diffley, 2007), whereas the main role of
DDK appears to be the phosphorylation of the MCM helicase,
particularly the Mcm4 subunit (Sheu and Stillman, 2010). MCM
phosphorylation allows recruitment of Cdc45/SId3 and the
GINS complex, which immediately precede polymerase loading
and replication start (Heller et al., 2011; Tanaka et al., 2011).
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However, these events do not take place simultaneously at all
origins at the outset of S phase but are strictly choreographed,
with origins being activated in a defined sequence that is a
characteristic of each genome (Aparicio, 2013; Yoshida et al.,
2013). Thus, origins can be broadly classified into early and
late firing ones, based on their time of activation and, as a
consequence, on their ability to fire in the presence of the
drug hydroxyurea (HU). Exposure to HU leads to nucleotide
depletion and activation of the intra-S phase replication check-
point with subsequent inhibition of late-origin firing (Zegerman
and Diffley, 2010).

The execution of an ordered program of origin activation is
a conserved feature of Eukaryotic chromosomes, suggesting
that it has an important function in the preservation of the
genome (Miller and Nieduszynski, 2012). It remains, however,
largely unclear how this program is established. In principle,
the task can be achieved by either actively promoting the
activity of early origins or by inhibiting that of the late ones,
or by a combination of the two (Yoshida et al., 2013). In
budding yeast (Saccharomyces cerevisiae) and metazoans,
early origins appear to selectively benefit from the action of a
limited supply of some of the key factors necessary for origin
activation, including Cdc45 and the DDK subunit Dbf4 (Collart
et al., 2013; Mantiero et al.,, 2011; Tanaka et al., 2011). It is
not known what allows preferential action of these factors at
the early origins, and not at the later ones. Clustering of the
origins in defined nuclear regions appears to play a role
(Duan et al., 2010), as highlighted by a function for the forkhead
transcription factors in promoting origin-origin interactions at
early replicating regions of the budding yeast genome (Knott
et al., 2012).

On the other hand, origin-repressing activities have also been
described. An inhibitory function of chromatin on origin action is
documented by the role of telomeres (Ferguson and Fangman,
1992), which are late-replicating in yeast, and of heterochro-
matin-inducing activities such as histone deacetylases (Knott
etal., 2009; Vogelauer et al., 2002), in delaying origin firing. A cor-
relation between the nuclear positioning of origins in G1 and their
replication timing has been observed (Heun et al., 2001), but arti-
ficial tethering of an early origin to the nuclear periphery in yeast
(Ebrahimi et al., 2010) or introduction of mutations affecting delo-
calization of telomeres from the nuclear periphery (Hiraga et al.,
2006) were not sufficient to change the replication timing of these

Cell Reports 7, 53-61, April 10, 2014 ©2014 The Authors 53


mailto:a.bianchi@sussex.ac.uk
http://dx.doi.org/10.1016/j.celrep.2014.02.019
http://creativecommons.org/licenses/by/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2014.02.019&domain=pdf

OPEN

ACCESS
CellPress

regions, suggesting that the role of nuclear positioning in deter-
mining replication timing is likely to be complex and affected by
several factors. At telomeres, the Sir3 and Ku proteins have been
shown to be required for the late replication of budding yeast
subtelomeric regions, suggesting that heterochromatin plays
an important role in delaying origin firing at chromosome ends
(Stevenson and Gottschling, 1999; Lian et al., 2011; Cosgrove
et al., 2002).

The Rif1 protein, originally identified on the basis of its ability to
interact with budding yeast telomeric DNA binding protein Rap1
(Hardy et al., 1992), has been found also to be required for the
late replication of budding yeast telomeres (Lian et al., 2011).
Subsequent work has revealed that, in both fission yeast (Schiz-
osaccharomyces pombe) and mammalian cells, Rif1 acts as a
general regulator of the origin firing program genome-wide (Hay-
ano et al., 2012; Yamazaki et al., 2012; Cornacchia et al., 2012).
The current view is that Rif1 helps establish late-replicating do-
mains and that removal of Rif1 has an indirect knockon effect
on early origins. Although the effect of Rif1 on DNA replication
is thought to be mediated by its association with chromatin,
which in fission yeast only partly relies on its interaction with
the telomeric DNA binding factor Taz1 (Tazumi et al., 2012), it re-
mains unknown how Rif1 carries out its repressive action at
origins.

RESULTS AND DISCUSSION

Rif1 Interacts with Protein Phosphatase 1

Rif1 has two conserved putative protein phosphatase 1 (PP1)
docking motifs (RVxF and SILK type) at its N terminus (Sreesan-
kar et al., 2012). To test whether an interaction with PP1 is impor-
tant for the role of Rif1 in the control of replication timing, we
made an allele of budding yeast RIF1 (Sc rif1-PP1 allele) carrying
two substitutions in each of the conserved motifs (Figure 1A, left;
see also Figure S1B). In budding yeast, a single member of the
PP1 family is present, encoded by the essential GLC7 gene,
and therefore we set out to investigate whether Rif1 associates
with Glc7. Indeed, Myc-tagged Glc7 was able to immunoprecip-
itate Flag-tagged Rif1 in cell extracts (Figure 1B, lanes 7 and 8),
consistent with previous results (Breitkreutz et al., 2010). The
amount of Rif1 in the immunoprecipitates was low, possibly as
a reflection of low affinity of the interaction, or of differences in
relative amounts of the two proteins, or, perhaps more likely,
due to competition by other Gic7 binding partners. In any
case, importantly, the interaction between the two proteins
was not detected in the presence of the rif1-PP1 mutations (Fig-
ure 1B, lanes 9 and 10). We then generated an analogous
rif1-PP1 allele in S. pombe, with the same changes in two of
the conserved residues in each of the two PP1-interacting
motifs (Figure 1A, right; also Figure S1F). In fission yeast, two
PP1 family members are present, Dis2 and the less abundant
Sds21 (Alvarez-Tabarés et al., 2007). Again, tagged versions of
these PP1 proteins were able to immunoprecipitate epitope-
tagged Rif1 (Figure 1C, lanes 5 and 11). In this yeast too, the
presence of the rif1-PP1 allele disrupted the interaction (Fig-
ure 1C, lanes 6 and 12). Although we, of course, cannot rule
out that the interaction between Rif1 and PP1 proteins in either
species is indirect, these results suggest that the PP1 docking
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motifs in Rif1 are functional and promote an interaction with
the PP1 phosphatases.

Rif1 Recruits PP1 to Telomeres and to a Late Origin of
DNA Replication

The interaction between yeast Rif1 and PP1 raised the possibility
that PP1 might be recruited to Rif1-bound chromosomal loci. In
budding yeast, chromatin immunoprecipitation (ChIP) revealed
robust association of Glc7 with telomeres, which bind Rif1 (Fig-
ure 1D). In addition, the binding of Gic7 at both telomeres tested,
VI-R and XV-L, was greatly reduced in the absence of Rif1 and
also in the presence of the rif1-PP1 allele. These data demon-
strate that the budding yeast PP1, Glc7, is associated with telo-
meres at least in part in a Rif1-dependent manner.

To address whether the role of the Rif1/PP1 interaction is
restricted to telomeres, we turned to fission yeast where, as in
mammals, Rif1 controls replication timing genome-wide. We
tested the association of the two S. pombe PP1 homologs,
Sds21 and Dis2, with a number of chromosomal loci, including
a telomere-adjacent region common to the four telomeres of
chromosomes | and Il, and several origins of DNA replication:
the early-firing origins o0ri2-326 and ars2004, and the late-firing
ars727 and ori2-4451, in addition to the centromere of chromo-
some | (Figure 1E). Because levels of ars2004 DNA in the immu-
noprecipitates were very low and independent of rif1 allelic
status (data not shown), we normalized all data to ars2004.
This analysis revealed strong binding of Sds21 at telomeres
that, as observed for Glc7 in S. cerevisiae, greatly diminished
in the absence of Rif1 or in the presence of Rif1-PP1 (Figure 1E).
Interestingly, telomere binding of Dis2 was lower compared to
Sds21 (although the latter is less abundant within cells), whereas
at cen1 the situation was reversed and binding of Dis2 was
higher compared to Sds21. These results suggest that Sds21
is the primary binding partner of SpRif1 at telomeres, whereas
Dis2 might function primarily at centromeres. Importantly, we
were able to detect Sds21 binding to one late origin of DNA repli-
cation, ars727, which previous work has shown to be bound by
Rif1 (Figure 1E) (Hayano et al., 2012). Like at telomeres, the bind-
ing of Sds21 at ars727 was strongly affected by mutation of rif7.
We could not detect binding of Sds21 to the two early origins.
However, we also failed to detect Sds21 at the late-firing Rif1-
associated origin ori2-4451: it is possible that our PCR primers
in this case are simply located in an area of low or absent Rif1
binding, which is not homogeneously distributed over late-firing
regions (Hayano et al., 2012). Although it remains unclear how
pervasively Sds21 (and possibly Dis2) associate with fission
yeast origins genome-wide, our results establish that Rif1 re-
cruits PP1 phosphatases to late-replicating telomeric regions
in both budding and fission yeast, and to at least one nontelo-
meric late-firing origin in fission yeast, suggesting that PP1
recruitment is likely to take place at other Rif1-bound origins.

Although Sds21 and Dis2 localize to different cellular and nu-
clear compartments, there is a degree of overlap in both their
localization and function. Dis2, unlike Sds21, is associated with
centromeres (Figure 1E), and its absence leads to increased
expression and redistribution of Sds21 to these sites, where it
is not otherwise normally visualized (Alvarez-Tabarés et al.,
2007). Although Sds21 seems to have the primary role in binding
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(A) Left: N-terminal sequence of ScRif1 spanning the putative PP1 docking motifs (top), which were mutated in the rif1-PP1 allele (bottom). Right: N-terminal
sequence of SpRif1 spanning the putative PP1 docking motifs (top), mutated in the rif1-PP1 allele (bottom).
B) Protein extracts from budding yeast cells of the indicated genotypes were immunoprecipitated with anti-Myc and analyzed by western blotting against Flag

Rif1) and Myc (Glc7).

Rif1) and GFP (Sds21 and Dis2).

(

(

(C) Protein extracts from fission yeast cells of the indicated genotypes were immunoprecipitated with anti-GFP and analyzed by western blotting against Myc
(

(

D) ChIP analysis of the association of ScGlc7 with the indicated chromosomal loci in the indicated strains, in exponentially growing asynchronous cultures. Fold
enrichment was obtained by normalization against the PDI1 locus. SD values were derived from triplicates, and statistical significance was assessed by
determining p values calculated from two-tailed t tests (in all cases, each mutant versus wild-type). *p < 0.05.

(E) Association of N-terminally GFP-tagged SpSds21 and SpDis2 from exponentially growing asynchronous cultures at the indicated loci as determined by ChIP
and quantified as fold enrichment over the ars2004 locus. SDs and p values were calculated from four replicates.

(F) ChlIP analysis of SpDis2 chromatin binding as in (E); SDs and data are from four replicates.

See Figure S1 for expression levels of mutant alleles.

to telomeres and to ars727, the binding of Dis2 to these loci is
also dependent on Rif1 (Figure 1F). Interestingly, in both in-
stances, deletion of the sds27* gene lead to an increase of about
2.5-fold in the association of Dis2. Thus, similarly to what was
previously observed concerning the ability of Sds21 to replace
Dis2 at centromeres in its absence, Dis2 increases its associa-
tion at loci normally occupied by Sds21 in the absence of the
latter. The binding of Dis2 at the centromere was instead unaf-
fected either by mutations in Rif1 or Sds21.

The PP1-Interacting Motifs of Rif1 Are Required to
Establish the Replication Timing of Telomeric and
Nontelomeric Loci

We have previously shown that the timing of association of
Pol2 with yeast telomeres reflects their timing of replication
and is dependent on the timing of firing of subtelomeric origins
(Bianchi and Shore, 2007). In our experiments, Pol2 association
with the early origin ARS607 peaks at 40 min after release from
G1 phase, in early S phase, whereas the late origin ARS71412
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Figure 2. The PP1 Docking Motifs in Rif1 Are Required to Establish the Replication Timing of Budding Yeast Telomeres and Fission Yeast
DNA Replication Origins

(A) Analysis of the association of C-terminally Myc-tagged Pol2 with selected telomeres and origins in RIF1 wild-type, rif1-PP1, and rif1- 4 budding yeast cells after
synchronous release from G1 arrest. ARS607 (blue) and ARS1412 (orange) were used as markers of early and late S phase, respectively. To account for dif-
ferences in efficiencies in the immunoprecipitations among different experiments, each profile for each amplicon was normalized against its highest peak. The
data represent the average of three independent experiments for each strain. The significance of the change in the position of the telomere peak for each rif1
mutant against the wild-type was assessed by applying a Wilcoxon test (one sided; p < 0.024).

(B) Analysis of the replication timing of ARS607 and the VI-R and XV-L telomeres, in reference to ARS7412. DNA amounts for cells after release from G1 arrest
were quantified by quantitative PCR (qPCR). For each of the three loci analyzed, normalization was first carried out against the ARS7412 locus at the same time
point, and subsequently against the G1 time point (0 min). A minimum of three experiments were averaged for the analysis. Two-tailed t tests were carried out for
significance for each mutant against wild-type at the same time point (p < 0.05 is indicated by asterisks). See also Figure S2.

(C) Replication efficiency of early and late origins in fission yeast, in wild-type, rif1-A, rif1-PP1, and sds217-A strains. Log-phase cultures were arrested in G2 at
36°C using the cdc25-22 temperature-sensitive allele and then released into 25 mM hydroxyurea for 140 min. Genomic DNA was prepared for the G2 (0 min time
point) and late S phase (140 min time point) cells and quantified by gqPCR. The ratio of the amount of genomic DNA in late S phase to that in G2 was calculated for
each locus. The non-ori1 locus was used for normalization (Hayano et al., 2012). Two-tailed t test for each mutant against wild-type were performed from at least
eight replicates. A p value < 0.05 was deemed significant and is indicated by an asterisk in the graph. SDs are indicated in all panels.

peaks at 60 min (Figure 2A, bottom two panels). Pol2 associa-  extent of the change in Pol2 association is indistinguishable to

tion with telomeres normally peaks even later in S phase, at
80 min after release (Figure 2A, top two panels, left). Instead,
cells carrying the rif1-PP1 allele displayed a change in telo-
mere Pol2 association, peaking at 60 min, concomitant with
binding at ARS7412 (Figure 2A, top two panels, middle): the
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the one observed in the absence of Rif1 (Figure 2A, top two
panels, right), suggesting that the changes in telomere replica-
tion timing previously described at budding yeast telomeres in
cells lacking Rif1 (Lian et al., 2011) are due to reduced GIc7 telo-
mere binding.



To obtain further evidence that PP1 binding by Rif1 leads to
changes in timing of DNA replication at budding yeast telomeres,
we quantified the amount of genomic DNA present during S
phase progression. Because at the ARS7412 origin neither the
association of Pol2 (Figure 2A) nor the replication timing (Lian
et al., 2011) is affected by Rif1, we normalized the data at each
individual time point against this locus and against the G1 time
point (0 min). In this manner, a locus being replicated before
ARS1412 is predicted to show an increase over the baseline
(i.e., to result in values higher than 1) in advance of ARS7412
replication before returning to the baseline after completion of
DNA replication at both loci. Indeed, this is what we observed
for the early-firing origin ARS607 for all strains examined (Fig-
ure 2B, top panel). Instead, a locus replicating after ARS1412,
should show a dip below the baseline coincident with
ARS1412 replication: as expected, this was observed in wild-
type cells for both telomeres VI-R and XV-L (Figure 2B, middle
and bottom panels). In contrast, no dip was observed for either
telomere in cells lacking RIF1 or carrying the rif1-PP1 allele (Fig-
ure 2B, middle and bottom panels), indicating that the replication
of these telomeres occurs at the same time as ARS7412 in the
presence of the rifl mutations, in agreement with the Pol2
ChIP data. These results demonstrate that replication timing at
budding yeast telomeres is advanced in cells where the ability
of Rif1 to interact with GIc7""" has been compromised.

Loss of Rif1 can suppress defects in DNA replication in cells
that are impaired for DDK function in budding yeast (see below).
Although it would seem unlikely that this effect is solely due to the
effect of Rif1 at telomeres, we have so far failed to observe bind-
ing of ScRif1 (data not shown) or GIc7 (Figure 1D) at origins.
However, we have documented mild effects of Rif1 at one late
nontelomeric origin, ARS603, which would be consistent with a
more global role of Rif1 on origin firing (Figure S2).

To further test whether the role of Rif1/PP1 in affecting origin
function is widespread in the genome or confined to telomeres,
we turned to fission yeast and took advantage of a well-charac-
terized set of early and late origins (Hayano et al., 2012). Cultures
were synchronized in the G2 phase at 36°C with a cdc25-22 tem-
perature-sensitive allele and released into the cell cycle at 25°C
in the presence of hydroxyurea, to suppress firing at late origins.
DNA amounts after incubation in HU were normalized against a
locus (non-ori) that is not replicated under these conditions (Hay-
ano et al., 2012), and against the amount at G2 arrest, to provide
a measure of the ability of the origins to fire in HU, and therefore
of their timing of firing. For the early origins ars2004, ori3-333,
ori2-326, and ori3-1283, we observed a similar decrease in
DNA amounts in rif1-4 and rif1-PP1 strains, compared to wild-
type (Figure 2C, left panel). Analysis of the late origins ars727,
AT2035, and ori2-4451 instead yielded an increase in DNA
amounts in both rif1-4 and rif1-PP1 strains (Figure 2C, right
panel), indicative of a shift to early firing for these late origins.
These results demonstrate that, at several loci tested in fission
yeast, impairment of the ability of Rif1 to interact with PP1 leads
to a loss of control of the timing of origin firing that phenocopies
the misregulation observed in the absence of Rif1. We did not
observe significant differences in replication efficiencies in the
sds21-4 strains compared to wild-type, presumably due to
compensatory effects from Dis2.

PP1 Recruitment by Rif1 Affects DDK Action on the
MCM Helicase

Loss of Rif1 restores viability of fission yeast cells lacking Hsk1,
the catalytic subunit of DDK (Hayano et al., 2012). Similarly, we
found that loss of Sc Rif1 partly suppresses the temperature
sensitivity of an allele of the hsk7* budding yeast ortholog,
cdc7-1 (Figure 3A). Remarkably, rif1-PP1 was also able to partly
suppress the temperature sensitivity of cdc7-1, although to a
lesser extent than rif1-4 (Figure 3A). Similarly to budding yeast,
fission yeast rif1-PP1 also restored growth to hsk7-89 mutants,
to an extent comparable to that conferred by rif1-4 (Figure 3B).
These results suggest that the Rif1-dependent recruitment of
PP1 to replication origins might counteract DDK kinase activity
at origins.

To test this idea directly, we assessed Mcm4 phosphorylation
in cells carrying mutations in Rif1. Budding yeast Mcm4 has been
shown to be a target of multiple phosphorylation events by CDK
and DDK (Sheu and Stillman, 2006, 2010; Randell et al., 2010).
Although phosphorylation of Mcm4 was not easily apparent in
G1-arrested wild-type cells, a supershifted band was readily
observable in cells lacking Rif1 (Figure 3C, compare lane 2
with lane 1). This phosphorylation was greatly diminished in the
presence of the cdc7-1 mutation at the permissive temperature
and was undetectable at the nonpermissive one (Figure 3C,
lanes 5 and 8). These results suggest that phosphorylation of
Mcm4 is largely DDK dependent and that this phosphorylation
is inhibited by the action of Rif1. Importantly, an increase in phos-
phorylation of Mcm4 was also observed, to a similar extent, in
the presence of the rif1-PP1 allele (Figure 3C, lanes 3 and 6), sug-
gesting that PP1 activity recruited by Rif1 is responsible for
reversal of DDK phosphorylation events.

We did not observe an ability of Rif1 to suppress various
budding and fission yeast CDK mutants (Figure S3), but this
could be conceivably due to the fact that CDK carries out multi-
ple essential roles other than activation of origin firing. Indeed,
the fact that absence of rif1 suppresses an hsk7-null allele in
S. pombe suggests that reversal of DDK-dependent phosphory-
lation is not the only function of Rif1/PP1, and that CDK-depen-
dent phosphorylation events might be targeted as well.

Rif1/PP1 Is Affected by Mutations at Putative CDK and
DDK Phosphorylation Sites in the Rif1 N Terminus

The PP1 docking domains, in both Sc and Sp Rif1, are
embedded in a conserved cluster of putative DDK and CDK sites
(Figures 4A, 4D, S1B, and S1F), some of which are known to be
phosphorylated (http://www.phosphopep.org). Because prece-
dents exist for inhibition of PP1 binding upon phosphorylation
of residues in the proximity of the docking motifs (Kim et al.,
2010; Grallert et al., 2013), we considered the possibility that
CDK- and DDK-dependent phosphorylation of Rif1 might inhibit
PP1 binding, thus helping to enforce the chronological separa-
tion of origin firing throughout S phase, as activation of the
pre-RC at Rif1-delayed origins would require the levels of the
kinases to reach sufficiently high levels for inhibition of PP1 bind-
ing. To test this idea, we made mutations in several putative DDK
and CDK sites found in the vicinity of the RVxF and SILK motifs
in budding yeast Rif1 (Figure 4A). Specifically, we changed
nine serine residues to aspartic acid to mimic constitutive
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Figure 3. Recruitment of PP1 by Rif1 Counteracts DDK Activity on Mcm4

(A) Suppression of the temperature-sensitivity phenotype of the budding yeast cdc7-1 allele by rif1-PP1. 5-fold serial dilutions of log-phase cultures of budding
yeast strains of the indicated genotypes were plated onto YPAD media and incubated at temperatures ranging from 25°C to 33°C. Plates were imaged following
2 day incubations.

(B) Suppression of the temperature sensitivity of the fission yeast hsk1-89 allele by rif1-PP1. 10-fold serial dilutions of log-phase cultures of the indicated
genotypes were spotted on rich medium and incubated for 4 days at 25°C or 3 days at 30°C and 37°C (the latter is a permissive temperature for hsk7-89).

(C) Analysis of budding yeast Mcm4 phosphorylation. Budding yeast strains bearing Flag-tagged Mcm4 were arrested in the G1 phase with a-factor at 25°C or
37°C for 2 hr, as indicated. Western analysis of protein samples was performed with anti-Flag (top) and anti-Pgk1 (bottom). The phosphorylated fraction of the
Mcm4 protein and the total Mcm4 signal were quantified using ImageQuant software and normalized to the loading control (Pgk1), and then the percentage of
phosphorylation was calculated. The p values from two-tailed t tests are reported in the graph. At least three replicates were used for the analysis and SDs are

indicated.
See also Figure S3.

phosphorylation at these sites, and then we assessed the ability
of this mutant (rif7-9D) to suppress the temperature-sensitivity
phenotype of the cdc7-1 allele. In agreement with the idea that
phosphorylation at these sites might suppress binding of Glc7
to Rif1, we found that the rif7-9D phosphomimic allele sup-
pressed growth defects of cdc7-1 cells to a similar extent as
the rif1-PP1 allele (Figure 4B). Coimmunoprecipitation analysis
of this mutant supports this interpretation, because we found
that the ability of Glc7 to interact with Rif1 was diminished by
the presence of these amino acid substitutions (Figure 4C).

In order to test the potential role of phosphorylation within the
N terminus of S. pombe Rif1 as well, we made similar phospho-
mimic substitutions in the protein (Figure 4D, rif1-12D allele). As
observedin S. cerevisiae for rif1-9D and cdc7-1, the fission yeast
allele showed an ability to improve the viability of hsk7-89 cells
(Figure 4E). Strikingly, a second allele where the possibility of
CDK and DDK targeting these sites was eliminated by changing
serines and threonines to alanines (rif7-7A) conferred increased
temperature sensitivity to hsk7-89 cells, as would be expected
if this Rifl protein had enhanced ability to interact with
Sds21/Dis2.

We therefore proceeded to monitor the ability of these fission
yeast Rif1 proteins to recruit Sds21 to telomeres and to the late
origin ars727. Consistent with the idea that phosphorylation of
the N terminus of Rif1 might downregulate its interaction with
PP1, the rif1-12D allele displayed impaired recruitment of
Sds21 to telomeres and to ars727 (Figure 4F). The rif1-7A allele,
on the other hand, led to a strong association of Sds21 at these
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sites, similar to wild-type. Further analysis will be needed to
determine whether the profile of the association of Sds21 with
chromatin during the cell cycle is affected in this mutant. Impor-
tantly, abrogating the RVxF and SILK domains in the context of
the rif1-7A allele (rif1-7APP1 allele) both restored the suppres-
sion of hsk1-89 and impaired the interaction of Sds21 with chro-
matin, indicating that the synthetic lethality conferred by these
alanine substitutions requires the ability of Rif1 to interact with
PP1. Taken together, these results suggest that the interaction
between Rif1 and PP1 is modulated by kinase activity on the
Rif1 N terminus, likely by CDK and DDK.

Conclusions

The key events in the activation of DNA replication are driven by
phosphorylation (Labib, 2010). In particular, DDK-dependent
phosphorylation of Mcm4 is a key regulatory event in the activa-
tion of the pre-RC complex (Tanaka et al., 2011). We show that
this event is under control of Rif1-mediated phosphatase action,
in agreement with two recent studies in budding yeast (Hiraga
et al., 2014; Mattarocci et al., 2014). Our findings suggest that
the action of kinases at origins is restricted not only upstream
of their action (for example, at recruitment) but also after phos-
phorylation of their target(s) has occurred. This type of regulation
might operate in addition, and in concert, with other modes of
origin selection relying on nuclear domain architecture and chro-
matin accessibility. In this regard Rif1 might have a dual function
in chromatin organization and as a recruiter of PP1 at these chro-
matin domains. Prevention of origin firing by Rif1 would ensure
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Figure 4. Rif1/PP1 Is Affected by Mutations at Putative CDK and DDK Phosphorylation Sites in the Rif1 N Terminus

(A) N-terminal sequence of ScRif1 spanning the putative PP1 docking motifs (top). The RVxF- and SILK-type motifs are indicated in purple and green,
respectively. Potential DDK sites are indicated in orange; putative CDK sites are indicated in blue (top). Phosphomimic changes to aspartic acid present in the
rif1-9D allele are indicated in red (bottom).

(B) Suppression of the temperature-sensitivity phenotype of the budding yeast cdc7-1 allele by rif1-9D. 5-fold serial dilutions of log-phase cultures of budding
yeast strains of the indicated genotypes were plated onto YPAD media and incubated at temperatures ranging from 25°C to 33°C. Plates were imaged following
2 day incubations.

(C) Protein extracts from budding yeast cells of the indicated genotypes were immunoprecipitated with anti-Myc and analyzed by western blotting against Flag
(Rif1) and Myc (Glc7).

(D) N-terminal sequence of SpRif1 spanning the putative PP1 docking motifs (top). The RVxF- and SILK-type motifs, and the putative DDK and CDK sites are
indicated as in (A). Changes to aspartic acid or alanine present in the rif1-12D, rif1-7A, and rif1-7APP1 alleles are indicated in red (bottom).

(E) Suppression of the temperature sensitivity of the fission yeast hsk7-89 allele by various rif1 alleles. Ten-fold serial dilutions of log-phase cultures of the
indicated genotypes were spotted on rich medium and incubated for 4 days at 25°C or 3 days at 30°C and 37°C.

(F) Association of N-terminally GFP-tagged SpSds21 from exponentially growing asynchronous cultures at the indicated loci as determined by ChIP and
quantified as fold enrichment over the ars2004 locus. SDs and p values for each mutant versus wild-type were calculated from three replicates.

See Figure S1 for expression levels of mutant alleles.

that the limiting factors required for origin activation would be
reserved for preferential use at early-firing Rif1-free origins.
The delay in firing at many early origins that is observed in the
absence of Rif1/PP1 action in fission yeast could be a direct
consequence of the scarce availability of limiting factors at early
origins due to their increased utilization at misregulated late ori-
gins. Release of PP1-dependent inhibition of origin firing by the

action of CDK and DDK on Rif1 could provide an additional layer
of control on late origin firing and facilitate preferential activation
later in the cell cycle at these origins.

Rif1 has a prominent role in orchestrating the replication pro-
gram in both mouse and human cells (Yamazaki et al., 2012; Cor-
nacchia et al., 2012). Given that mammalian Rif1 has also been
shown to bind PP1 (Moorhead et al., 2008), it seems likely that
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the role of Rif1-dependent recruitment of PP1 in the control of
DNA replication is a conserved feature of eukaryotes. Indeed,
PP1 has recently been shown to reverse Cdc7 phosphorylation
of MCM in Xenopus oocytes (Poh et al., 2014). It will be of interest
to address whether PP1 binding might play a role in other pro-
cesses regulated by Rif1 such as telomerase action and resec-
tion of double-strand breaks.

EXPERIMENTAL PROCEDURES

All strains and primers used are listed in Tables S1 and S2, respectively. Pro-
cedures for strain handling, construction, and synchronization and for protein
extract preparation and analysis as well as for ChIP are given in the Supple-
mental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
three figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2014.02.019.
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Figure S1. Related to Figures 1 and 4.
Expression levels of mutant Rif1 proteins.



ARS305 ARS603

(early) (late)
Wild-type rif1-A rif1-PP1 Wild-type rif1-A rif1-PP1
1234567 89101112131415161718 1234567 89101112131415161718
o' 60' 0' 60' O' 60' o' 60' 0' 60' 0' 60'

Time after release from G1 block into HU medium

Figure S2. Related to Figure 2.
Loss of Rif1, or of Glc7 binding to Rif1, leads to early activation of late origin ARS603.
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Figure S3. Related to Figure 3.
A-C. Loss of Rif1 does not suppress growth defect of several CDK alleles.
D. FACS analysis of samples from Figure 3C.



Supplemental Figure Legends

Figure S1. Expression levels of mutant Rif1 proteins. Related to Figure 1 and 4.

A. Analysis of protein levels of budding yeast wild-type Rif1 and Rif1-PP1 (referring to Figure 1)
tagged at their C-terminus with 1 copy of the Flag epitope, from exponentially growing cultures. The
same gel was also blotted for Pgk1, as a loading control. C-terminally tagged versions of the protein
product of the rif1-PP1 allele were found to be present at levels comparable to the wild-type tagged
allele. B. Alignment of the relevant regions of Rif1 proteins from 5 Saccharomyces species (referring
to Figure 4A). The RVxF and SILK type motifs are indicated in purple and green, respectively.
Putative DDK sites are indicated in orange: these can be ‘intrinsic’ (SE/SD/TE/TD), or ‘phosphorylation
generated’ where the negative charge C-terminal to the serine or threonine is provided by a prior
phosphorylation event (for example by CDK). Finally, putative CDK sites are indicated in blue. C.
Analysis of protein levels for the budding yeast Rif1 allele bearing changes to alanine at positions 116,
118, 147, 148, 223 and 224 (rif1-3xPP1). Although S. cerevisiae bears two additional SILK and RVxF
type motifs further downstream from the first two (at positions 222 and 316), these putative motifs are
embedded within the Ankyrin repeat region of the protein and are not well-conserved within the
Saccharomyces genus. We found that the rif7-3xPP1 allele (bearing mutations in the GILR motif at
position 222 in addition to those within the first two motifs) was expressed at lower levels, possibly
indicative of folding problems. D. Analysis of the protein levels of S. cerevisiae Rif1-9D, bearing the
changes indicated in Figure 4A. E. Analysis of protein levels of fission yeast wild-type Rif1 and Rif1-
PP1 (referring to Figure 1) tagged at their C-terminus with 10 copies of the Myc epitope, from
exponentially growing cultures. The same gel was also blotted for tubulin, as a loading control. C-
terminally tagged versions of the protein product of the rif1-PP1 allele were found to be present at
levels comparable to the wild-type tagged allele. F. Sequence alignment of the N-terminal region of
the rif1 gene in four Schizosaccharomyces species. RVxF (purple) and SILK (green) motifs, and

putative DDK (orange) and CDK (blue) sites as above are indicated, in addition to Mec1/Tel1 sites



(grey). G. Analysis of the protein levels of S. pombe Rif1-12D, Rif1-7A, and Rif1-7APP1, bearing the

changes indicated in Figure 4D.

Figure S2. Loss of Rif1, or of Glc7 binding to Rif1, leads to early activation of late origin
ARS603. Related to Figure 2.

Analysis of DNA replication intermediates by alkaline agarose gel electrophoresis. Cells of the
indicated genotypes from exponentially growing cultures in YPAD at 25°C were arrested in G1 phase
of the cell cycle using 0.24 uM alpha-factor. The cells were then washed and released into S-phase in
the presence of 200 mM HU, with time points harvested at 0, 20, 30, 40, 50 and 60 mins.

Replication intermediates were then separated on alkaline denaturing agarose gels and analyzed by
southern blotting using probes for ARS305 (left panel) and ARS603 (right panel). Probes were

generated by PCR using oligos DO1787/1788 and DO2498/2499 respectively.

Figure S3. Loss of Rif1 does not suppress growth defect of several CDK alleles. Related to
Figure 3.

A. Analysis of the budding yeast cdc28-as7 (analog-sensitive) allele in the absence of RIF1. 5-fold
serial dilutions of log-phase cultures of budding yeast strains of the indicated genotypes were plated
onto YPAD media with increasing concentrations of the ATP analog 1-NM-PP1. Plates were imaged
following 2-day incubations. B. Analysis of the suppression of the temperature-sensitivity phenotype
of the budding yeast cdc28-4 allele in the absence of RIF1. 5-fold serial dilutions of log-phase
cultures of budding yeast strains of the indicated genotypes were plated onto YPAD and incubated at
temperatures ranging from 25°C to 33°C. Plates were incubated for two days and then imaged. C.
Analysis of temperature sensitive alleles of fission yeast cdc2 combined with RIF1 deletion. 10-fold
serial dilutions of log-phase cultures of the indicated genotypes were spotted on rich medium and
incubated for 3 days at temperatures ranging from 25°C to 36°C. D. FACS analysis of samples in

Figure 3C. Samples were harvested from the same cell cultures analysed by western



blotting in Figure 3C and fixed in 70% ethanol before being stained with Propidium iodide. The
distribution of DNA content was then measured using FACS and the profiles aligned using Cell Quest

software (Becton Dickinson).



Apmis siyL XINUey::Be|4x | -puow |-/9pd eIYIN des :L ‘v auel '0og| €16LGVA 'S
Apmis siyL XINue::Be|4X | -pwow | dd-1iH elVIN aes ‘e aue| ‘Og| L08LAVA 'S
Apnig siyL XINUE::Be|4X |-y WO Ld L Ly aes 'z due| ‘Og| G08LAVA| oeisineIed ‘g
Apnig siyL XINuey::Be|4x | -pluow elviN des ‘L due| ‘O€| 66L1GVA| dEISIGI9D 'S
Apnis siyL Z€-1N3| 81 a-¥eIn L a-€sIY 91.Z-99PE + 0€S 'Ols3lsae 94vd aquod g
Apmis siyL 2€-1Na| 81 a-eun yeIn:68-13sy Ldd-1l -y 3y ge| v8vdve aquiod ‘g
Apmis siyL 2€-1N8| 8L Q-peun FRINIEG-LYSY PSA:: LI +4 3v'ge| vovdve aquod ‘g
JeQ Auop Z€-1n9| 8L a-yeIn yeIn:eg-|ysy -y 3vge| oovdve aquwod ‘g
Apmis siyL 2€-1na| 8L.a-veun La-esly 91.2-99P€ Ldd-LU +U ge| veedve aquod ‘g
Apnis siyL 2€-1N3| 81 d-eIn $0/-99pe PSq:: LU +Y 0€s'ge|  65dvd aquod ‘g
Apnig siyL Ldd-LuelyIN sjpued yjoq gL—¢| saue| ¢S 'VE| L691GVA[ @elsiAaIed 'S
Apmis siyL LY L LM BlYIN sjaued yjoq €~/ dUE| ‘TS V€| €08LAVA| SElsIneIeD ‘g
uo1}93)|0d ge elVIN| 9€S ‘sioued yjoq 9-| saue| ‘ZS !} sue| ‘0LS ‘'VE 0avA| oeisinele0 g
Apmis siyL LdY.Li LM L-20PO DIVIN VE| 8Y.LEVA| SEISINGIS0 'S
Apmig siyL Ldd- LU L-/9p2 1VIN ve 'S
Apnig sy Ldd-1u L-20p2 DIYIN ve 'S
Uo1}09)|0d ge] 1-/9p2 D1V Ve LyEVA| oBIsinaIeD 'S
Apnis siyL Z€-1N3| 81 0-veIn L a-€sly 912-99Ppe 9XINUBN:d4D-029P2 22-G2oPd ZN3T::1.ZSPS +4 oz| eovdva aquod g
Apms siyL 2€-1n3| 81.Q-1eIn $0/-99pEe 9XINUEBM:d4D-0ZOPO 22-GZOPO PSA:i Ll +U oz| Lovdve squiod ‘s
Apmis siyL 81a-vein L dd- 1 9XINUEM:d4D-02oPO 22-G2oP2 -y oz 96¢edva aquiod ‘s
Apnig siyL 81a-vein Ldd- il 9XINUEBM:d4D-029PO 22-GZ2oPO +Y oz| geedva aquod ‘g
Apmis siyL 912-99pe Ze-1n3| 81 d-eIn 9XINUBM:d49-02P2 22-GZoP2 -y oz| zeedvd aquiod ‘g
Apnis siyL 1 dY LT ZSAT ZUW Z6avd:yupe 9xXINieu::11eq €SIH:-0ANEL-ZIod Q-2sAl (ZN3T1)OH-1e9::Zna| Q-zepe g-biew de 'sjpued Jybu "vz| 81919VA| eersiAeIed S
Apnis siyL Ldd-1l ZSAT: 2w Zyeavd:iyupe 9XINleu:: DANEL-2Iod a-gsAl (2N31)OH-eD::gna| g-zepe g-vew €¢ 'sloued 10)ua0 ‘vg| €1L/18VA| oelsinele0 g
Apmis siyL Ldd- LU ZSAT:guW $02gvd:pupe gxNleu:: 0ANEL-2I0d A-2SAl (2N31)OH-BD::Zna| O-zope g-vew s|aued Jajuad ‘vg| 90.L8VA 'S
Apnig siyL Ldd-1l ZSAT:ZuW Zyeavd:ipupe 9XINleu:: LIeq SIH:0ANE L-Zlod A-2sAl (2N31)OH-eD::gha| g-zepe g-view 4z 'sjoued 18jusd ‘vz| 689L8VA| SelsIneIed ‘g
Apms siyL ZSAT:ZUW $028vd:pype gXINleu::Lieq €SIH:OANEL-ZI0d A-gsAl ZN3T::OH-1eD::gns| -gepe g-blew sloued 9| ‘'vz| OL¥LEVA| SeIsiA8Ie0 'S
Apnig siyL ZSAT:IZUW Zyegvd:ipype 9XINIeu:: L Jeq €SIH::OANEL-ZI0d A-2SAl ZNF1::0H-[e: vl ‘| due| 'V1S 'gg ‘sjoued Y| 'vZ| 60LEVA| SelsIneIed ‘g
Apnis siyL Ze-1na| gLa-yeln 91 2-99pe ZNIT:11.ZspS vein:id4DIAN'ZSIP -U 41 zevdva aquod g
Apmis siyL Z€-1n9| 8L a-veun ZNI::LZSPS YeIN:d4OIAN'ZSIP +U 41| 96vdve aquod ‘g
Apmis siyL 2€-1ne| 8L.a-veIn 91 Z-99pe ZNIT::LZSPS yeIn:id4DIN'ZSIP -y 41| gevdva aquod ‘g
Apnig siyL Z€-1n9| 8L a-veIN La-€sIU 91.2-99pe ZNTT::LZSPS RIN:d4ADINZSIP +U 41| vevdva aquwod ‘g
Apmis siyL 2u Ze-Lne| 8L Q-1eun $0/-99pe PSA:i LY FeIN:d4DINZSIP +U 41| Sivdva aquiod ‘s
Apnig siyL L4u 2€-Lnd| 8L.A-¥EIN $0L-99PE PSq:iLUY FeIN:dADINZSIP +U 41| zivdva aquod ‘g
Apmis siyL 2€-1N3| 81 d-veun L3-Sy 91,2-99P€ L dd- LU yBIN:dJOINZSIP +U d1[ 8oydvd aquiod ‘g
Apnis siyL 2€-1N3| 81 -elIn 0/-99Pe PSA:ILIY FEININDID3-1ZSPS +y ERIIPEZXE] aquod s
Apnig siyL Z€-1N9| 81.Q-YeIN $0.-99Pe PSq:: LY YeIN:INADI-1LZSPS -y 31| OlLvdva aquwod ‘g
Apmis siyL 2€-1na| 8L Q-1eun psq:i LY yeIN:IND4D3-12ZSPS -y 3| 60vdve aquod ‘g
Apmis siyL 2€-1n8| 8L Q-en 912-99pe Ldd-|il #BIN:INd4DTI-LZSPS +U dv 31| Lovdva aquod ‘g
uebeH uie| -9pe -ZSIy yeIN:INJ4D3-12ZSPS 2€-1LN3| 81 d-yein +4 31| soedva squiod ‘g
Apnis siyL VNN 9XINUBN:0AWE L-207D DIVIN ai| gLzLava| seisinaleo g
Apnig siyL VN LI 9XINUEN::0AWE -2 01D OIVIN ai| viziava 'S
Apmis siyL VN LI 9XINUBN::0AWE L-20TD DIVIN at| ziLLava 'S
Apmis siyL Ldd- LU 9XNueN::0AWE L-20TD DIVIN ai| Lziava 'S
Apnig sy Ldd- 1l 9XINueN::0AWE L-2DT1D PIVYIN at| oLz1avA| eeisineseo ‘g
Apnis siyL L dd- 13U 9XNUBN::0AWE L-/0TD DIVIN alL| 60.19VA| seisinaleo g
Apnis siyL 2€-1n8| 81N 1. Q-€SIY 91.2-99PE LNSI0ANXQ |- 11 +U ZauUe| 'OLS | ‘el seue[ QL zS5dve aquod g
Apms siyL 2€-1na| 8L.a-1eun L-ESIY 912-99P. LNSJ:0ANXOL-Ldd- LU BIN:dADINZSIP +U ZL ‘0L seue|QL| 1954vE squiod ‘s
Apmis siyL LNaI:0ANXOL- LU peIN:dADIANZSIP Z€-Lnd| 8L.a-veln -y Ll ‘6 seue| DL 9554vd aquod ‘g
uebeH ute| FIN:d4DINZSIP Z€-1n3| 8L a-veIn -y d1:31 '8 'L seue|OL| 99edvd aquod ‘g
Apmis siyL 2€-1nd| 81.Q-1eun 912-9ape LNd|:0ANX0L-Ldd- M #BIN:IND DL ZSPS +U 9 'y seue|DL| 8554V aquod ‘g
Apnis siyL -9pe -zsly yeIN:INd493-1.ZSPS 2€-LNd| §La-vein +y G ‘g saue| DL pSS4vE aquod ‘g
uebey ule| FIN:INHDT-1ZSPS 2€-1Nd| 8L a-¥ein -y d¥ ‘31 'z ') seue| 0| y9edvd aquod ‘g
Apnis siyL EVINOV1E- L dd- LM OXINUENDAWEL-/DTD DIVIN 0L ‘9 seue| ‘glL| G8.LAVA| oEIsinaIed 'S
Apnig siyL EVHNIOVIAXE-Ldd- LI 9XINUEN::0AwE -0 OIVIN 6 ‘G saue| ‘gdL| ¥8/1LEVA| oeIsinele0 g
Apmis siyL EVHNIOVTIXE- LAY 9XINUEN::0AWEL-/DTD DIVIN 8'v due| 'Oy 'g 'y seue| ‘gl 'S
Apmis siyL EVHNIOVTXE- L JIY OXINUEN::DAWEL-/ DD DIVIN L' duUe| ‘OF 1L ‘€ saue| ‘gL 'S
Apnig sy XANYY:OV14-L 418 ZSAT: 2w 2H6avd:pupe gxiNeu::LIeq €SIH::0ANEL-2lod d-zsAl ZN3T1::0OH-1e9::Zna| Q-gepe g-piew CL'LL seue| ‘OF ‘gl ‘|| saue| ‘gl 'S
IeyoseL Ajjay 9Xnuey::0AWE L-/079 €SIY €BIN ZNd| DIVIN Z'|L saue| 'Oy id) 'Z 'L seue| ‘gl| 1L991GVA| 9eisiAaIe0 ‘g
aainosg adAjouag ainbi4 ures}s Jseap

‘sujen}s jo isi ‘LS 9d|qeL




‘sAelle olBWOB)} AQ payUEl} SI ealq 8y} Se ‘190] Jayjo Jo Buiwiy uonesijdal Jo uoissaiboid 8j9Ad |80 UO $8oUBNDASUOD OU YIM ‘SNO0| FHAY dY) Je gS B aonposjul [im piwseld siy) :8)s OH Ue salled
g zyedyd 0} Jejiwis SI (902 LEGVA PUE 0L LAVA Suless ul juasaid) $0.gyvd "pazAjeue sa1awoja) PUe 190] JBUYI0 S} UO S}O8Yd OU YNIM “T-||A JO 21aWo[aigns auy) je sjeadal OLI8WOa) JO Uojalis B pue Jasew z3dy ue seonpoljul zyegvd
‘pajold si ssaiboud 8040 (|90 UO J0aye ou pue ‘padnpul s| 8beABSIO OH OU 810j318U} pue (pajajap uaaq sey snoo| 1IN 83 Je 8)is snouabopua ay}) swousb ay) ul 8)is QH Ou SI 818y} 8)8ssed OH-eS ay} Buleaq surelis sy} Ul :S31ON

Apnis siyL 2€-1Nd[ 8L Q-elIn ¥0/-99Pe €€-2OPd +U oes[ slodva aquiod
Apnig siyL 2€-1nd| 81.a-veIn $0/-99pe £€-Zop2 -y oes| vlodva aquiod *
1eQ Auog 81Qa-yein Ze-Lnd| $0.-99pe £€-2OPO -y 0o€s| oesdva aquod
Apmis siyL 81.Q-vein $0/-99pe PSq:: Lyl 22-2op2 -y oes| elodva aquiod
Apmig sy 2€-1nd| 81.Q-FBIN PSQ:i Lyl Z2-ZOPI +Y oes| clodva aquiod
1eD Auop 22-29p2 -y oes| 1esdva aquiod
Apnis siyL L dY L 13U -829P9 BIVIN ges| v161aVA| eelsineIsd
Yuuasug yuor $-829P2 BIVIN €9€S| 89818VA| SEISInRIe ©

Apnis siyL Zna| dsu-ybie gein gsk| ZSAT:0U DIVIN IMS ves| 0061aVA
o|eaN he na| dsu-ybie geun gsA| ZSAT::0U DLVIN IMS VES| L¥8LavA

1yonogns| 0apiH OsIy:: L da OsIy:igsly OsIy:igna| geIn Zsh| ZSAT:0Y BIVIN IMS VES| 01619VA[ oeIsinaled
Apnis siyL 2€-1n8| 81.-eIn 1L Q-€sIy 91.2-99pe LNS[0ANXQL-1ddV .- LI +U €l z1 'Ll eue[OLs| 0zodva aquiod
Apms siyL 2€-1na| 8L.a-veun La-EsIY 91,2-99p. LNS[:0ANX0L-Y .- Ll + 0l ‘6 88ue|‘'OLS| 6194vE aquiod
Apmis siyL 2€-1n8| gL a-teun La-gsly 91.2-99pe LNej:0ANX0L-AZ |- Ll +U L'9'Geuel‘'Dls| 8194vd aquiod
Apnis siyL 2€-Ln9| 810-¥EIn | a-€SIY 91.2-99PE L NSI::0ANXQ |- L4l +Y v ‘couel ‘'Dls|  £554vd aquiod
Apmis siyL 2€-1n3| 81.Q-1eIn 1L -€SIy 91.2-99pe yeIN0ANXOL-Ldd- LU +U 31S| zevdva aquiod
Apmis siyL 2€-1n8| 81L.a-1eun La-gSIy 91.2-99pe yeIN:OANXQL-Ldd- LU +U 3i1s| Levdvd aquiod
Apnig siyL 2€-1nd| 81L.A-veIn La-ESIY 91.2-99pe yeIN:OANXQL-Ldd- LU +U 31| o6vdvd aquiod
Apmig siyL 2€-1na| 8L.a-1eun La-gsIy 91.2-99pe yeIN:OANXOL-Ldd- LU +U 3i1S| 68vdve aquod
Apnig siyL 2€-1n8| 81L.a-eIn La-ESIY 91.2-99pe yeIN:OANXQL-Ldd- LU +U 31s| esrdvd aquiod
Apms siyL 2€-1nd| 81L.a-veun L.a-gsIy 91.2-99pe yeIN:0ANXOL-Ldd- L +U 3i1S| /8pdve aquiod
Apnig siyL 2€-1nd| 81.d-1eIn | g-£S1Y 91.2-99PE yeIN::0ANXQ |- Ll +Y 31S| 98pdvd aquiod
Apnis siyL a6- 134 Bej4g- 13y O 1VIN v oue[‘aLS| zv8lavA
Apmis siyL a6-1u ‘Bejde-Lid 1VIN €oue|‘aLs| Ly8LavA
Apmis siyL Bel4e- 1Y elvIN zouel'dlLs| vr8lLavA
Apnis siyL Bej4e- 131 BIVIN | oue| ‘dLS| ev8lLavA| selsineie0

20ANEL-ZIod @-2sAl ZNTT::0H-[eD::Zhal O-Zape g-bew L8ue|‘OLS| €8919VA| 8eIsineIed
2ANEL-Zlod a-zshl zn3 ¢hs| g-gape g-pjew 28918VA| oelsinaIad
2ANEL-glod a-gsAl zn3 ¢hs| g-¢epe g-pjew Gaue 0S| 18919VA

ApMiS SIUL| LddXe- LI XINUEN: 1DV 14X L-L 41 ZSAT::gUW 2y6avd:pUpe gXINIeu:
Apmig sIYL| LddXE- LI XINUBY:DVT4XL-L 1Y ZSAT:ZUW Zi68vd::yype gxNleu::
APNIS SIUL[ | ddXE- LU XINUEX: 1DV 14X ) -1 1Y ZSAT:ZUW Z2y6avd:pype gxnleu::

0ANEL-ZIod A-2SAl ZNF1-"OH-[eD::Zna| d-zope g-vew 01-8 8ue| 'VIS| 6.919VA
:0ANEL-ZI0d A-2SAl ZNTF1::OH-BD::ZNa| O-Zope a-vlew /L due|'yY|S| Z0LLGVA| oelsinele0
2ANEL-ZIod Q-ZsAl ZNTT::0H-eD::Zha| d-Zope g-blew 9aue| ‘VIS| LOLLEVA| SeIsinels0
2ANEL-Zlod a-zshl zn3 ¢hs| g-gaepe g-pjew Gaue| ‘'VIS| 00/L8VA| eeisinale0

Apms siyL XINUEN::DV 14X L-141d ZSAT-ZuW Zy6avd:yUpe 9XINeu:
Apmis siuL|  Ldd-LU XINUBY:DVT4XL-L 41 ZSAT::ZUW Zi68vd:pype gxNleu::
ApmiS SIUL( L dd- LM XINUEN: DV 14X L-L 1Y ZSAT:ZUW Zyeavd:pupe gxnleu:
Apmg sIyL|  Ldd-LH XINUBY:DVT4XL-L 1Y ZSAT::ZUW Zi6gvd:yype gXNleu::

Apms siyL XINUEN:: DY 14X L-L 41 ZSAT::2iuW Zyeavd:yUpe gxiNleu:: 2ANEL-ZIod a-2shl zn3 ¢hs| g-zape g-pjew ¥-Z dUe| *QLS ‘p-g due| ‘VIS| 8/91EVA

ApmiS SIUL( L dd- LM XINUEN: DOV 14X L-L 1Y ZSAT:gUW Z2yeavd:pupe gxneu:: :0ANEL-ZIod @-2sAl ZNTT::0H-eD::Zha] O-Zope g-blew €1 8ue| ‘VIS| GOLLEVA| ®eisinaie
Apms siyL|  Ldd-LU XINUBY:DVT4XL-L 41 ZSAT::ZUW Zi6avd:yype gxNleu:: :0ANEL-ZI0d A-2SAl ZNF1::OH-BD::Zna| d-zope a-vew Zl due|'VIS| v0LLEVA| eelsiraied
APMiS SIUL[ L dd-LU XINUEX::DV 14X ) -L 1Y ZSAT:ZUW Z2yeavd:pype gxnleu:: 2ANEL-ZIod a-2sAl ZNIT::0H-eD::Zh3] d-Z9pe g-blew Ll 8ue| ‘VIS| €0/ZLEVA| SBISIeI80 -
Apms siyL ¢€-1n3| 8L d-veIn 912-99pe | ddV .- 14 yBININDIO93-LZsPs -4 4v| 9codvd aquiod
Apms siyL 2e-Lnd| gLa-vein L a-esly LddV.- L yeININDAOD3-1ZSPS +4 dv| 629dvd aquiod
Apmis siyL ¢e-Lns| gL d-veun L g-esiy V.- yeININd493-1Zsps -4 dv| vcodvd aquod
Apmg siyL ¢e-Ln3| gLa-vein acl-1il yeINiNd493-LZsps -y 4y <codvd aquiod
Apnis siyL 2€-1nd| 81 d-yein | g-gsly 91¢-99pe acl-1il yeIN:iNd493-1ZSPS +y dv| 1c9dva aquiod
Apms siyL ¢e-Ln9| gL d-veun L a-esiy 91¢-99pe LddV .- yeIN:68-L1sy +4 Iy| 6094va aquiod
Apms siyL 2e-LN3| 8La-vein | ddV.-14l yeinieg-|dsy -y 3y| 8094va aquiod
Apmis siyL ¢e-Lnd| 8La-veIn | d-€sly 91¢-99pe V.- Ll yeInigg-1 sy +4 Jy| L094va aquiod
Apms siyL ¢e-Lnd| gLad-vein | a-esiy V.- yeIn:gg-1ysy -y Iy| 9094va aquiod
Apms siyL ¢e-Lnd| gLa-vein L a-esly degl- L yeinigg-1ysy +y 3Iy| <S094va aquiod
Apmis siyL ¢e-Lnd| 8La-vein 91 ¢-99pe acl- iU yelnigg-13sy -y Iy v094dva aquod
Apmg siyL ¢e-Lna| gLd-veun | a-esly 91¢-99pe Lddv.- L +4 3Iy| 1994va aquiod
Apmis siyL ¢e-Lnd| 8L a-veIn La-esiy 91.¢-99pe V.- L +Y 3y| 05Sdve aquod
Apms siyL ¢e-ina| gLa-vedn | a-esly 91¢-9ope azi-1i +y Jy| 8vSdva aquiod
Apmis siyL €VHNOV14XE-06- LI OXINUEN:DAWEL-/DTD OIVIN Ob| L/8lAVA| SelsinsIed
Apnmis siyL EVHN:OV14XE-06- 1M 9XNUeN::0Awe-/DT1D DIVIN Ob| G/819VA

Apms siyL ae6-1 L-L9p2 DIVIN av| v€8LavA| oelsiAaIad
Apms siyL ae-1i L-20pd OIVIN av| ¢€8LaVA| 9elsiAaI8d
Apmis siyL ae-1iu elvin gv| ¢06L9VA| SelsInaIsd
Apmis siyL XINUB::De|4X| -pWOW | dd-14M L-L0PO BIVIN acs ‘6 ‘9 aue| 'O¢| ¥0618VA

DBANBBBABNNBBADBNDBB BB DB RB BB DB B BB B|B D BN BN B|B NGB R BGB BB NGB B[ B A|B B[ BB GG

Apmis siyL XINUB::Be|4XL-pWON LAY L LY L-29PO BIVIN des '8 ‘g aue| ‘O¢| 888LAVA




OVVVLOVLIOO9D1VIVOVIVO €09Syv

OVOLOVVLLIIOIOOLIVIOO €09Syv

1VVOVOVVYVOO1O0VVVI99D S0eSHY

OVO19999109VVLIO1OJLY S0eSHY

111VOOVOIOI99OVVLOLOV (=SR]

YVYVOO1VVLOOOVIOOVVOOV 141498
OVVYVLL1IOD109VOOLIVVOVILVOOVIOVOVLIOVIOLIVOIVVOOOVIOIVLIOLIVVLIVILIVIOVLL 060Lavd
VOO199999099VO9999I191900VVIVYOLOOOI11OVILVOVOOVVLIOL99OVOIOOL1001911L 060Lavd
OVVVLL1I9J109VOOLIVVOVILIVVIVVLIOVIVOVLOLIVIOIVOLLLIVOOOLIVLILIVVLIVVIOLIY 060Lgvd
VVLLIVVL1I9990000.1LVOOILVVOLVIVOLIVVIVOOOVOVVVILOVLIVIVYOOLOOOVOLVOLVLLLIY 060Lavd
OLVO1VIOLVVYVYOI1O99VOD €09S¥V 98

VYVLO009VVYVIOVIIOVIO LYY €09SYV 98

OOVVVOLVIVOOVLOLOOOVVILL ClylSYV oS

VYVOLVLIOOVVOVIOLLVVYVOOVY ClylSYv oS

O0VVVOLVIVOOVIOLOO9OVVOLL 22GSHV oS

VYVOLVLIOOVVOVIOLLVVYVOOVY 22SSHv oS

1V19919109011991901V TAXT13LOS

JVL19210vIOD20J0103VL1DD TAXT13LOS

VYVOVVVOOIOVOIVIOLVVL L09S¥V 9S8

1199VOOOIVLIIOOO109VLLLD L09S¥V 9S8

1OVOOVVVVV.LOOOVVIOOL H-IA13LOS

111v010019VI20VOLVID -IA13LOS

VVLOOVVO1VODIL99D1VO Luds

V19199110VOVVOOOI100 L dg

VO1vO1lvOOJ0VVILLODVY L ds
OVOLO00VVLLVYVYYOOLOVVIVVYOLLOVOIVOOIVIOLODLIVVIODD1990091VVIOIIVOLIVVVLIOVOLVLLIVOLIVOVVIVVLIVOODIOVVO Zv.avd
990101V1000VVILOVOOIOLIOIVOLOOVOVVIVOOVVVVLLLLIVOVVVYVLOOVVOLVODO1O9D1VOOOLOOLLLIIIVVOOLOLLIVIIOVVY Zvlavd
19110910VOVVOOLLIVVYVYYY LSyplog ds

VOL1OVO9911IVOLIOIVOOVY LGpylog ds

O199VVYVYVLOO191190VOll gzeuog dg

OVO1O9VOVIOVOILVVYVOO gzeuog dsg

11991IVVOOLVOLOLIVVIOO y00zste ds

VYOVIOVIOOVOVIOVLIOVILOVOLLYVO y00gzste ds

VOV1OVOO1VIOOIVVYVOOV Lus0 dg

09191091119VVIO101IVVOl Lus0 dg

1V1199VOVVYO999I2010VD Geozlv ds

VOVOVOVOLOVOOLOOVIOOL Ge0zZly ds

VO100v0O0000111vO1OVL Lz/sie dg

OVVVYVYVOOVLOOVYVIOVODID Lz/sie ds

OVIO9199011011VOVIOIVY €gzLuog dg

OOVVYVILLOVVOVIOVVYOVIO €gzLuog ds

VLIVVVOVOIL1OI.1VOI099 geguog dsg

O191110919110091VVVY geguog dg

001109V109000VV1LVOVD JHo-uou dg

OO LIVIOVVOVVOOIOVILL Luo-uou dg

O9OIVVVVLIVVIVOLIVLIVIOIOVIOLIOVIOVO (ouswiojeigns) 131 ds

OL10VOOOIVLIOVVOLIVILIIOLLIVL (ouswioeigns) 131 dg

aqoid £09SHY 40 ¥Od

aqoud £09SHY 40 ¥Od

8qoud GOESYHY 40 ¥Od

agoud GOESHY JO HOd

L dd- 141 98 jo BuidAjous
Ldd- 14U 98 Jo BuidAjouss
Buibbe) Oy 14 [eulwial-0 FINOIN
Buibbe) Oy 14 [eulwia)-O FINOIN
Buibbe) oy 14 [eulwis)-D L1y
Buibbe) oy 14 [eulwisl-D L1y
¥0do

¥0do

¥0dO

¥0dO

¥0dO

¥OdO

¥0dO

¥0dO

¥0odo

¥0do

¥0dO

¥0dO
LddV.-/V.-/Az - 141 dS jo Buidhoush
L ddV .-V .2~/AZ /L dd- 1 ds jo BuidAjoush
Ldd-14u1 ds jo BuidAjoush

14U ds jo uonsleg

14U ds jo uoneleg

¥0dO

¥0dO

¥0dO

¥OdO

¥0dO

¥0dO

¥0do

¥0do

¥0dO

H0dO

¥0dO

¥OdO

¥0dO

¥0dO

¥0odo

¥0d0

¥0dO

H0dO

¥0dO

¥OdD

66200
86¥20d
882100
182100
899200
199z0da
geLloda
ye€.10d

v.€0d

€600

66600

86600
60¢cod
802c0d
0c¢szoda
616200
81520d
¢eeloda
£15¢0d
8€110d
9€LL0d
geLoa
¢0sz0da
Elaz4ele]
lggc4ele]
1€c10d
0€cLoa
¥9¥20d
€9v20d
09v20d
65v20d
1G¥20d
6¥v20d
L0¥20d
90¥¢0d
¢0¥coda
[0 z4e]e]
96€20d
g6€c0d
¥6€20d
£6€20d
¢6£20d
16€20d
G/.€2¢0d
v.€20d
8v¢l0od
yvelod

aouanbas ob1|0| ajejdwaysnoo| Jobie) jo saweN

asodingd|aweu obij0

*sapoajonuobi|o Jo Isi ‘ZS 9|qel




Supplemental Experimental Procedures

Strains and plasmids

All budding yeast strains were generated in the W303 background (MATa ade2-1 his3-11,15
leu2-3,112 trp1-1 ura3-1 can1-100 RADS). A complete list of the strains used is reported in Table S1.
Standard budding yeast handling and growth conditions were used. Rich medium was YPAD, and
drop-out media were made using pre-made mixes from United States Biological.

Fission yeast strains (containing ade6-M216 ura4-D18 leu1-32 his3-D1 or combinations
thereof) were grown in YES rich medium (Moreno et al., 1991) or YNG minimal medium (2% w/v
glucose, 30 mM glutamate, 0.17% w/v YNB mix without amino acids ammonium sulphate or thiamine
(United States Biological), 0.53% w/v SC dropout mix (United States Biological), 2% w/v agar, pH 6.0.
Transformations were performed using a modified version of the protocol described by Bahler (Bahler
et al., 1998): cells were incubated with plasmid DNA, carrier DNA and 40% PEG/LIAc/TE solution for 2
hrs at 30°C, before a 10 min heat shock at 42°C; transformations were subsequently plated out
directly onto plates without centrifugation.

C-terminal 1xFlag-tagging of ScRif1 and ScMcm4 was obtained with PCR products generated
from pFA6a-6xGLY-1xFLAG-kanMX6 (pAB1090) using oligos DO373/D0O374 and DO1734/D0O1735
respectively. Alternatively, ScRif1 was C-terminally 3xFlag-tagged using a Mfel-linearized plasmid
containing the protein’s C-terminus cloned in-frame to a triple Flag tag linked by an 8xGlycine linker
(pPAB1750). Sc RIF1 gene deletions were obtained using plasmids pAB1511 (TRP1), pAB1655
(URA3), or pAB1749 (ADE2) linearized with Sphl. Integration of the Sc rif1-PP1 allele was obtained
by transformation with pAB1654 linearized with SgrAl: colonies were then streaked on 5-FOA and
genotyped by PCR with DO2267/D02268 (314 bp product) followed by restriction enzyme digest with
Pstl or Pvull (Pstl digestion: 314 bp on RIF1, 227 + 87 bp on rif1-PP1; Pvull digestion: 314 bp on
RIF1, 146 + 90 + 78 bp on rif1-PP1). The rif1-9D allele was made in the same way as for rif1-PP1

allele: SgrAl digested pAB1752 was used for the initial integration followed by FOA pop-out.



Genotyping was done by PCR using the same primers as for rif1-PP1 (D02267/D02268) and
digested with Agel (RIF1: 253 + 61 bp, rif1-9D: uncut).

To obtain the Sp rif1-PP1 allele, the same procedure was used using plasmid pAB1664
linearized with Bglll. Sacl digestion of a 360 bp PCR product made with DO2444/D02446 on genomic
DNA indicated the presence of the allele (237 + 123 bp in rif1-PP1; uncut in WT). To obtain the rif1-
12D/-7A/-7APP1 alleles, Bglll-linearized plasmids (pAB1741, 1740, 1742 respectively) containing the
mutated region and a ura+ marker were transformed into yeast. The resultant colonies were counter-
selected on 5’-fluoroorotic acid (5’-FOA) to select for recombination at the Sp rif1 locus. Fission yeast
strains with mutations in putative CDK/DDK phosphorylation sites were verified by PCR using
D02502/D02446 which results in a 462 bp product. Dralll cleaves rif1-7A and rif1-7APP1 but not rif1-
12D PCR products to give 260 + 202 bp fragments, while Apol cleaves rif1-7A and rif1-12D to give
176, 175 and 111bp fragments, and rif1-7APP1 to give 287 + 175 bp fragments. All Rif1 mutant
alleles were generated by gene synthesis (Eurofins). The C-terminus of Sp Rif1 was tagged with
10xMyc epitopes using pAB1462 or pAB1744 linearized with Mfel. Sp rif1+ was deleted using a PCR
product made with oligonucleotides DO1230/D0O1231 on using pSVEM-bsd (pAB742) as template
(Erler et al., 2006). Fission yeast strains with deletions of sds27+ or dis2+, or with N-terminal EGFP-
tags of the same genes expressed from their chromosomal locus were kindly gifted by lain Hagan.

The hsk1-89 strain was gratefully received from Tony Carr.

Immunoprecipitation of ScRif1

Cultures of exponentially growing budding yeast cells (100 ml of 1 x 10 cells/ml) were lysed in
15 mM Hepes pH 7.6, 150 mM NaCl, 0.5 % NP-40 with three 20 s pulses in a Beadbeater. The lysate
was clarified by centrifugation and the supernatant was incubated first with anti-myc 9E10 monoclonal
antibody for 2 hours at 4°C and then with Protein G Dynabeads for 1 hour at 4°C. Bound proteins
(eluted by boiling in Laemmli buffer) and input samples were separated on a 8% (top panel) and 10%
(bottom panel) SDS gel and Western blotting was performed using anti-Flag (M2, Sigma) or anti-Myc

antibody (homemade 9E10).



Immunoprecipitation of SpRif1

Whole cell extracts from 2x108 fission yeast were prepared by resuspending in 500 l of chilled
lysis buffer (50 mM NaCl, 50 mM Tris pH 7.5, 10% glycerol, 4 mM B-mercaptoethanol, 1 mM EDTA)
containing 1 complete protease inhibitor tablet (Roche) per 7 ml of buffer. Following lysis in a
beadbeater for 3 min, 1 pl Benzonase Nuclease (Novazyme) and 50 ul 10% NP40 were added to the
lysate and incubated for 30 min on ice. After centrifugation for 10 min, 30 ul of the cleared lysate was
boiled with 10 yl 4x Laemmli buffer and kept aside as Input. Protein G Dynabeads (Invitrogen) were
blocked for 30 min in lysis buffer + 5% BSA. 25 ul of the beads were used to pre-clear the remaining
lysate for 30 min at 4°C on a rotating wheel. 1 pl rabbit anti-GFP antibody (Invitrogen) was added to
the supernatant obtained after magnetic separation of the beads. The samples were then incubated
with rotation at 4°C for 1 hr. 25 ul of Dynabeads were added before further incubation at 4°C for 2 hrs.
Following magnetic separation and removal of the supernatant, the beads were resuspended in 40 pl

1x Laemmli buffer and boiled for 5 min.

Synchronization of budding yeast cultures

Budding yeast cells were grown in 100 ml overnight cultures in the appropriate drop-out SC
medium containing 4% raffinose. The cultures were then diluted into 300 ml of YPA 4% raffinose and
grown for 2 hours with 0.025 yM a-factor to arrest the cells in G1 phase of the cell cycle. Cells at a
density of 1 x 10’ cells/ml were then switched to YPA 4% galactose for 4 hours at 30°C, while
maintaining the arrest with 0.025 uM a-factor. Cells were released into S-phase by washing twice

with water and switching the cells to YPA+GAL containing 0.125 mg/ml pronase at 18°C.

Quantification of budding and fission yeast DNA

Fission yeast strains containing the cdc25-22 allele were grown to mid-log-phase at 25°C,
arrested in G2 for 3h at 36°C and subsequently released into medium containing 25 mM HU at 25°C
for 140 min. Samples were collected for G2-arrested cells and S-phase-arrested cells (140 min in HU)

by cross-linking cells in 1% formaldehyde.



Budding yeast strains were synchronized as described above and samples collected after
crosslinking in 1% formaldehyde.

For both yeasts, cell were lysed on a BeadBeater and centrifuged. Pellets were then
resuspended in 500 pl ChIP Lysis buffer (50 mM HEPES pH 7.5,140 mM NaCl, 1 mM EDTA, 1%
Igepal CA-630, 0.1% sodium deoxycholate) and sonicated 15 x 30 sec on high in a Diagenode
Bioruptor. 10 ul of the supernatant collected after centrifugation was added to 110 yl TES (20 mM
Tris-Cl pH7.5, 1 mM EDTA, 1% SDS) and de-crosslinked overnight at 65°C. DNAs were purified

using the Qiagen PCR purification kit.

ChIP

ChIP was performed as described previously (Bianchi and Shore, 2007). Briefly, after cross-
linking in 1% formaldehyde, cells were lysed and sonicated to achieve DNA fragments <500 bp.
Immunoprecipitations were carried out with anti-Myc 9E10 (supernatant from a 9E10 hybridoma cell-
line) or anti-GFP (Invitrogen) and ProteinG Dynabeads (Invitrogen) against N- or C-terminally tagged
proteins, as indicated. Both an aliquot of sonicated cleared extract (input) and the immunoprecipitated
material were de-cross-linked in TE plus 1% SDS at 65°C overnight. Quantitation of
immunoprecipitated DNA was obtained by real-time PCR using SYBR Green detection on a Roche
Light Cycler 480 Il instrument and expressed either as percent of starting (input) material or as fold-

enrichment over a control locus (Pfaffl, 2001). Primers used are listed in Table S2.

Protein analysis by Western blotting

Protein extracts were made using asynchronous cultures by lysing cells using 0.5 mm glass
beads and 200 pl 20% TCA in a Bead-Beater. Next, lysates were added to 400 pl 5% TCA. Cells
were then pelleted and resuspended in 200 pyl Laemmli sample buffer (250 mM TrisCl pH7.5, 2% SDS,
5% Glycerol, 0.1% BromoPhenol Blue, 2.5% p-mercaptoethanol) and boiled at 95°C for 5min. The

samples were then separated on SDS-PAGE gel of required percentage and western blotting was



performed. The proteins were visualized by treating the membrane with ECL and imaged using a LAS

4000 instrument (GE).

Analysis of Mcm4 phosphorylation

Budding yeast cells were grown in 5 ml overnight cultures in YPAD at 25°C (wild-type, rif1-A,
rif1-PP1, cdc7-1, cdc7-1 rif1-A, cdc7-1 rif1-PP1). The cultures were then diluted to 0.4 x 107 cells/ml
in 10 ml YPAD and were grown at 25°C for one cell cycle to obtain a log phase culture. 2.4 yM a-
factor was added to arrest the cells in G1 phase of the cell cycle at either 25°C or 37°C for 1 hour.
After 1 hour the cells were pelleted and resuspended in fresh 10 ml YPAD with 2.4 yM a-factor and
incubated for another hour at the respective temperatures. After a total of 2 hours the cells were
harvested and were resuspended in 600 pl 100%TCA and were kept on ice for 10 minutes. The cells
were pelleted by centrifuging at 3000 rpm for 2 minutes, followed by two acetone washes. The pellets
were then dried under vacuum and were resuspended in 100 yl Urea buffer (50 mM Tris-Cl pH 7.5, 5
mM EDTA, 6 M Urea, 1% SDS). 200 pl 0.5 mm glass beads were added to the tubes and the cells
were lysed in a bead beater 5 times for 45 seconds with 1 min on ice in between. The extracts were
incubated at 65°C for 10 minutes and centrifuged at 14000 rpm for 10 minutes before the addition of

200 pl of 2x Laemmli buffer. Samples were boiled for 5 min and separated on 6% SDS-PAGE gel.

Alkaline gels

DNA replication intermediates were analyzed using alkaline agarose gel electrophoresis.
Briefly, DNA was prepared by lysing 1 x 10° cells using zymolyase 100T (USB) extraction method and
the DNA was then separated on a 1% denaturing alkaline gel (50 mN NaOH, 1 mM EDTA). Southern
blotting was then performed and the DNA was probed with *P-labelled ARS305 probe and ARS603

probe. Probes were generated by PCR using oligos DO1787/1788 and DOD02498/D02499.

FACS analysis

Cells were fixed in 70% ethanol and treated with 200 ug/ml RNAse. Cells were then stained



with 10 pg/ml Propidium lodide (PI) before being analyzed in 50 mM Na citrate 10 uyg/ml Pl on a

Becton Dickinson FACScalibur flow cytometer with CellQuest software.
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