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Abstract

In budding yeast the Rif1 protein is important for protecting nascent DNA at blocked replica-
tion forks, but the mechanism has been unclear. Here we show that budding yeast Rif1
must interact with Protein Phosphatase 1 to protect nascent DNA. In the absence of Rif1,
removal of either Dna2 or Sgs1 prevents nascent DNA degradation, implying that Rif1 pro-
tects nascent DNA by targeting Protein Phosphatase 1 to oppose degradation by the Sgs1-
Dna2 nuclease-helicase complex. This functional role for Rif1 is conserved from yeast to
human cells. Yeast Rif1 was previously identified as a target of phosphorylation by the Tel1/
Mec1 checkpoint kinases, but the importance of this phosphorylation has been unclear. We
find that nascent DNA protection depends on a cluster of Tel1/Mec1 consensus phosphory-
lation sites in the Rif1 protein sequence, indicating that the intra-S phase checkpoint acts to
protect nascent DNA through Rif1 phosphorylation. Our observations uncover the pathway
by which budding yeast Rif1 stabilises newly synthesised DNA, highlighting the crucial role
Rif1 plays in maintaining genome stability from lower eukaryotes to humans.

Author summary

Genome instability is a leading factor contributing to cancer. Maintaining efficient error-
free replication of the genome is key to preventing genome instability. During DNA repli-
cation, replication forks can be stalled by external and intrinsic obstacles, leading to pro-
cessing of nascent DNA ends to enable replication restart. However, the nascent DNA
must be protected from excessive processing to prevent terminal fork arrest, which could
potentially lead to more serious consequences including failure to replicate some genome
sequences. Using a nascent DNA protection assay we have investigated the role of the
budding yeast Rifl protein at blocked replication forks. We find that Rif1 protects nascent
DNA through a mechanism that appears conserved from yeast to humans. We show that
budding yeast Rifl protects nascent DNA by targeting Protein Phosphatase 1 activity to
prevent degradation of nascent DNA by the Sgs1-Dna2 helicase-nuclease complex.
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Furthermore, we find that Rifl phosphorylation by the checkpoint pathway during repli-
cation stress is crucial for this function. Our results indicate that the S phase checkpoint
machinery acts by phosphorylating Rifl to protect nascent DNA, providing important
clues concerning the conserved role of Rifl in regulating events when replication is
challenged.

Introduction

Maintaining genome integrity during replication of the genome is key to preventing oncogen-
esis. During S phase of the cell cycle, when DNA replication occurs, replication forks can
encounter many obstacles that challenge error-free duplication of the genome. Numerous cel-
lular proteins act to ensure the complete and accurate transmission of genomic information to
daughter cells in each cell cycle.

Rifl is one such protein, important for maintaining genome integrity at several steps of the
chromosome cycle. Rifl is a multi-functional protein conserved from budding yeast to
humans, which was originally identified as a negative regulator of telomere length in the bud-
ding yeast Saccharomyces cerevisiae [1]. While its telomere length regulation function appears
to be specific to yeast [2], other roles of Rif] are conserved in eukaryotes [3, 4]. One apparently
conserved function of Rifl is promotion of double-stranded break (DSB) repair through non-
homologous end joining (NHE]J). Rifl drives DSB repair toward NHE] by protecting 5 ends
from resection that would favour homology-directed repair (HDR), in a function that appears
to be conserved from budding yeast to human cells [5-8]. Mammalian Rifl also plays a role in
programmed genomic rearrangements in mammalian cells, such as immunoglobulin class
switching, which is a specialised form of NHE] [5, 6].

Another conserved function of Rifl is control of the initiation of DNA replication [9-11].
In controlling DNA replication, Rifl acts by suppressing premature activation of the mini-
chromosome maintenance protein (MCM) complex as the replicative helicase. In this role Rifl
operates as a substrate-targeting subunit for Protein Phosphatase 1 (PP1), directing dephos-
phorylation of the MCM complex, and counteracting its phosphorylation by the Dbf4-depen-
dent kinase (DDK) to constrain replication origin activation [12-17].

Rifl also functions at later stages of the DNA replication process. In particular, it was
recently demonstrated that mammalian Rifl protects nascent DNA at replication forks chal-
lenged by replication inhibitors [18, 19]. DNA replication forks can be impeded or stalled for
many reasons. Obstacles such as collisions between the replication and transcription machin-
ery, DNA/RNA hybrids (R-loops), ribonucleotide incorporation, DNA lesions and adducts,
DNA secondary structure, repetitive DNA sequences, non-histone protein-DNA complexes,
and accumulation of topological stresses may cause replication forks to stall or collapse [20,
21]. Stalled forks are frequently processed to prepare them for replication restart, with the
nascent DNA subject to controlled degradation to create a single-stranded stretch that can be
utilised for homology-dependent fork restart mechanisms [22]. In this context degradation
can be carried out by multiple nucleases, including MRE11, EXO1, and DNA2 [23, 24]. The
action of these nucleases is restricted by a number of different proteins. In mammalian cells,
BRCA1 and BRCA2 protect nascent DNA from degradation by MRE11 nuclease [25], whereas
BODIL protects the nascent DNA from the DNA2-WRN nuclease-helicase complex but not
from MRE11 [26]. Human Rifl was shown to protect the nascent DNA specifically from deg-
radation by DNA2-WRN nuclease-helicase complex, in a function that depends on Rifl inter-
action with PP1. Phosphorylation of DNA2 and WRN was increased in cells depleted for Rifl,

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011044 November 13, 2023 2/24


https://doi.org/10.1371/journal.pgen.1011044

PLOS GENETICS

Checkpoint phosphorylation sites on yeast Rif1 protect nascent DNA from degradation

suggesting that Rif1-PP1 could potentially modulate the phosphorylation status of
DNA2-WRN to control its activity [18, 19].

The proteins that process stalled replication forks are less well understood in budding yeast.
While genetic studies indicate that a similar set of proteins as in human cells are important to
protect cells from replication stress, their precise molecular roles remain unclear [27-30]. It
was recently reported that the budding yeast MRX protein complex (composed of Mrell,
Rad50, and Xrs2) promotes resection at stalled forks, but MRX appears to act in this role by
supporting the remodelling of nascent chromatin, rather than through its nuclease activity
[27]. Indeed the relationship of nascent DNA processing to replication fork recovery is not
fully understood: some resection appears necessary to enable homology-dependent fork recov-
ery pathways, but excessive DNA degradation is associated with genome instability [31], possi-
bly because extensive nascent DNA loss prevents the use of the most accurate fork recovery
pathways and forces cells to depend on more mutagenic pathways (reviewed by [32]). Nascent
DNA degradation in the absence of mammalian RIF1 was demonstrated to be associated with
genome rearrangements [19].

Throughout eukaryotes, inhibition of DNA replication causes activation of the replication,
or ‘intra-S phase’, checkpoint machinery. In studying how cells respond to replication stress to
maintain genome integrity, hydroxyurea (HU) has been used extensively as a model drug. HU
acts by inhibiting ribonucleotide reductase leading to depletion of cellular deoxyribonucleotide
triphosphate (ANTP) pools, slowing down the progression of active replication forks in the cell
[33]. Inhibition of DNA synthesis generates increased single-stranded DNA as the replicative
helicase proceeds uncoupled from DNA synthesis [34], causing activation of the intra-S phase
checkpoint through recognition of Replication Protein A (RPA) bound to single-stranded
DNA (ssDNA) [21, 35]. The Mecl1 apical kinase is recruited to the RPA-coated ssDNA, and
through the mediator Mrcl activates the effector kinase Rad53 [36]. This results in a cascade
of cellular responses, mediated through phosphorylation of multiple factors by Mec1l and
Rad53 [35]. Activation of the intra-S phase checkpoint strongly affects the activation of further
replication origins. Globally, new origin initiation events are inhibited, but in the proximity of
stalled forks dormant origins are activated, at least in mammalian cells [37, 38]. At stalled repli-
cation forks the intra-S phase checkpoint is proposed to stabilise the replisome structure [39].
However, any implication of the S phase checkpoint in controlling the resection of nascent
DNA at stalled forks has remained unclear.

Although the exact relationship between checkpoint activation and nascent DNA stability
remains under investigation, checkpoint signalling has been implicated in stabilising nascent
DNA and in modulating the protein components present at replication forks, in both mamma-
lian cells and yeast [40, 41]. However, differences in methodologies make it difficult to pre-
cisely align results obtained from yeast with our knowledge of mammalian cell pathways.
Partly to compare nascent DNA stabilisation mechanisms in yeast with those characterised for
human cells, we recently deployed in S. cerevisiae a DNA combing-based nascent DNA degra-
dation assay similar to that frequently used in mammalian cells. Using this assay we discovered
that yeast Rifl protein plays a role in protecting nascent DNA from degradation when replica-
tion is inhibited by HU [42]. The discovery aligns with the findings that mouse and human
Rifl function in nascent DNA protection [18, 19], and opens the possibility of investigating
the process using yeast molecular genetic tools.

Here we examine the mechanism by which budding yeast Rifl protects nascent DNA at
stalled forks. Using a nascent DNA protection assay we find that interaction of Rifl with PP1
(called Glc7 in yeast) is crucial to protect newly synthesized DNA during a HU block, operat-
ing to protect against Sgs1-Dna2 mediated degradation. Yeast Rifl contains a cluster of poten-
tial or confirmed Tell/Mecl phosphorylation sites in its C-terminally disordered region [43-
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45]. We show that these sites are critical to protect nascent replicated DNA at stalled forks,
indicating that the replication checkpoint machinery stimulates protection of newly-replicated
DNA by phosphorylating Rifl.

Results

Rifl interaction with PP1/Glc7 is crucial to protect nascent DNA from
degradation under replication stress

Deletion of budding yeast Rifl was reported to cause a defect in the protection of nascent
DNA from degradation when replication fork progression is blocked by HU treatment [42].
To investigate this function of Rifl further, we used a previously established DNA combing
assay to assess the stability of labelled nascent DNA in budding yeast [42]. Briefly, cells capable
of incorporating thymidine analogs were synchronized in G1 phase, then released to begin
DNA replication in medium containing 5-iodo-2'-deoxyuridine (IdU). After 18 minutes, IdU
was removed and HU was added, and samples collected at time points thereafter (Fig 1A).
DNA from these samples was combed, and IdU-labelled nascent DNA tracts visualized by
immunodetection (Fig 1B). Stability of the nascent DNA tracts during the replication block
can be assessed by comparing the lengths of the nascent DNA tracts when HU is added with
the tract lengths at later time points.

Association with PP1 is essential for various Rifl functions in budding yeast and humans
[13-15, 18, 46-48]. In mammalian cells nascent DNA protection by Rifl requires PP1 interac-
tion, so we tested if Rif1-PP1/Glc7 interaction is also needed to protect nascent DNA in bud-
ding yeast [18]. For this purpose, we used a RIF1 allele (rifI-pp1bs) that has all four
PP1-interacting motifs abolished (Fig 1C) by mutation of two critical residues within each
motif to alanine [14]. Nascent DNA tract length labelled during the 18 min incubation did not
significantly differ between wild type (WT), rif1A and rifl-pp1bs cells, revealing that the distance
travelled by forks in this interval was similar in all three strains at the time of HU addition (0 hr,
Fig 1A and 1D). However while nascent DNA tract length in WT cells did not change during
the HU treatment, the median length of riflA nascent DNA tracts was significantly decreased
by 1 hr into the HU block (from 13.8 kb to 7.5 kb, Fig 1D) confirming the previous finding that
Rifl is required to prevent degradation of nascent DNA in S. cerevisiae [42]. In rifl-pp1bs, after
60 minutes in the HU block, we saw a similar decrease in the length of newly synthesized DNA
tracts (from 14.5 kb to 8.2kb; Fig 1D), suggesting that Rifl interacts with PP1 to prevent degra-
dation of nascent DNA under replication stress in budding yeast, as in human cells.

Western blot analysis confirmed that a Myc-tagged version of the Rifl-pplbs protein is sta-
bly expressed (Fig 1E), as previously demonstrated [14, 46]. Quantification of signals in Fig 1E
indicate that Rifl-pp1bs is present at 91% of the level of the wild-type Rifl protein. We suspect
that a previous report of instability of this Rif1-pp1bs protein [49] reflects its susceptibility to
degradation in vitro under the protein preparation conditions used in that study.

A previous study [8] reported that a mutant with amino acid substitutions K437E, K563E,
and K570E in the HEAT domain (called Rifl-HOOK) is defective for DNA binding at double-
strand breaks and also impairs telomere recruitment. We found however that a Rifl1-HOOK
mutant is competent for nascent DNA protection (S1 Fig).

Sgsl, the yeast WRN helicase homolog, mediates nascent DNA degradation
when protection by Rifl is lacking

In budding yeast several nucleases and helicases have been implicated in resecting nascent
DNA ends [27] after remodelling by the MRX complex. Studies in mammalian cells also
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Fig 1. Rifl must interact with Protein Phosphatase 1 (Glc7) to prevent degradation of nascent DNA. (A) Nascent DNA protection assay procedure.
Cells arrested with a-factor were released into medium containing 1.13 mM IdU to label nascent DNA. After labelling nascent DNA for 18 mins, cells were
collected by filtration and resuspended in medium containing 0.2 M HU. (B) Specimen analysis showing one fiber (stained red using anti-ssDNA) with five
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tetramerization module [8]. (D) Degradation of nascent DNA in rifl-pp1bs cells. Plot shows IdU tract lengths measured after incubation in a HU block for
the intervals specified. >100 tracts were measured for each condition. In this and subsequent plots, black horizontal bars indicate median values, ****
indicates p-values less than 0.0001 and were obtained by Mann-Whitney-Wilcoxon test, ns means “not significant”. Strains used were VGY85 (WT), CMY6
(rifiA) and CMY42 (rifl-pp1bs). (E) Western blot confirming expression of Rif1-pp1bs protein. Lanes (left to right) show duplicate RIFI-myc strain isolates
(VGY320 and VGY321), duplicate rifl-pp1bs-myc isolates (VGY310 and VGY311), Untagged RIFI strain (YK402), and Marker. Top panel probed with
anti-myc, middle panel with anti-Pgk1, and lower panel shows protein visualisation on stain-free gel. Protein samples prepared using TCA procedure.
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demonstrated that several different proteins protect nascent DNA from degradation by spe-
cific exonucleases [26, 50-53]. We tested which is the major nuclease and/or helicase responsi-
ble for nascent DNA resection in budding yeast lacking Rifl function. We first examined the
effect of deleting the 5" to 3’ Exol nuclease, as in Fig 1A. If Rifl acts by protecting the nascent
DNA from degradation by Exol, deletion of EXOI should rescue the nascent DNA degrada-
tion phenotype of rifIA. Removal of Exol did not significantly affect the initial replicated tract
length after the 18 min IdU labelling period, either in the RIFI (WT) or the riflA background
(Fig 2A). After 1 hr and 1.5 hr of HU blocking, the riflA exolA mutant showed a significant
decrease in IdU-labeled tract length (from 11.0 kb to 8.4kb after 1 hour HU treatment;

Fig 2A), similar to the decrease of 12.4 kb to 7.2 kb observed in the rif1A single mutant. There-
fore, nascent DNA degradation still occurs when Exol is absent, indicating that Exol is not
the major nuclease responsible for degrading nascent DNA when Rifl function is lacking.

We next examined whether Sgs1, the yeast homolog of the human WRN, is important for
nascent DNA degradation. sgs1A and riflA sgs1A strains show no significant difference in the
median length of newly synthesized DNA tracts (at 0 hr) when compared to WT and riflA,
respectively (Fig 2B), indicating that removal of Sgs1 does not affect the progression of
unblocked replication forks in the initial labelling period. However, when compared to the
strong resection phenotype of riflA cells after HU addition, rifIA sgs1A cells showed no
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significant decrease in nascent DNA tract length even after 1.5hr HU treatment (Fig 2B).
Therefore, deleting Sgs1 rescues the degradation phenotype seen in a riflA background, indi-
cating that the budding yeast Sgs1 helicase is important for degrading nascent DNA depro-
tected by Rifl removal. These observations are altogether consistent with findings in human
cells lacking Rifl, where the WRN helicase was needed for nascent DNA degradation [18].

We examined the effect of HU on viability of these mutants to understand whether nascent
DNA instability is directly related to HU sensitivity. Surprisingly, a riflA mutant shows little if
any HU sensitivity while an sgsIA mutant is extremely sensitive (52 Fig). This observation
might reflect the fact that at stalled forks, some processing of nascent DNA is needed to enable
proper fork recovery (as in human cells [31]); but equally, could be related to other roles of
Sgs1 during replication stress such as chromosome decatenation or checkpoint activation
[54-56].

Dna2 is required for the degradation of nascent DNA in cells lacking Rif1

Sgs1 acts as a helicase that unwinds dsDNA to feed an ssDNA strand to the nuclease Dna2,
promoting processive resection of DNA ends [57]. Since nascent DNA degradation in the
absence of yeast Rifl requires Sgs1, we explored whether Dna2 is the major nuclease activity
responsible for degradation of newly synthesized DNA in a rifIA background.

Dna2 is an essential protein, probably because of its involvement in Okazaki fragment pro-
cessing [58]. We first investigated a temperature sensitive dna2-1 allele and the effect of com-
bining it with rifIA, however, the strain background was unsuitable for the assay due to poor
growth even at its permissive temperature [59] (S3 Fig). Therefore, we designed an auxin-
inducible degradation (AID) strategy to test the involvement of Dna2 in nascent DNA degra-
dation [60]. An AID tag was fused to the C-terminus of Dna2 in WT and riflA cells, in a strain
background bearing a cassette encoding OsTIR1, the E3 ubiquitin ligase that promotes degra-
dation of AID-tagged proteins [61]. OsTIR1 is under the control of a galactose-regulated pro-
moter, enabling induced depletion of Dna2-AID by addition of galactose and auxin. We
confirmed that cells with Dna2-AID were unable to grow on plates containing galactose and
auxin (Fig 3A). Western blot analysis confirmed that in o-factor-blocked cultures, Dna2-AID
was swiftly degraded and became undetectable 15 min after auxin addition (Fig 3B).

To test nascent DNA protection using Dna2-AID tagged cells, we used the experimental
procedure as shown in Fig 3C. Cells were first synchronized in G1 phase, then OsTIR1 was
induced by addition of galactose. 1 hr later auxin was added to deplete Dna2. Replication pro-
ceeds somewhat more slowly in galactose than in glucose medium, so the initial IdU labelling
period was extended to 30 min, prior to addition of HU to block replication (Fig 3C). Samples
were then taken 0, 1 and 1.5 hr after HU addition for nascent DNA combing analysis.

Removal of Dna2 did not impact the initial synthesis of DNA during the 30 min IdU label-
ling, in either a WT or rifiA background (Fig 3D, compare 0 hr samples). The nascent DNA
protection defect of rifIA cells was still apparent using this modified procedure (Fig 3D, rifiA
cells 1 and 1.5 hr samples), with the median IdU-labelled tract length significantly decreased
(from 14.9 kb to 9.8 kb) after 1.5 hours in the HU block. Depleting Dna2-AID in the rifiA
background however largely prevented the degradation phenotype, with only a slight decrease
in nascent DNA tract lengths over the course of the 1.5 hr HU block, which was not statistically
significant (Fig 3D, riflA DNA2-AID, 1 and 1.5 hr samples). We conclude that Dna?2 is the
major nuclease responsible for degradation of nascent DNA in rifIA cells. In human cells also,
nascent DNA deprotected by loss of Rifl is degraded primarily by Dna2 [18, 19]. Therefore,
our results confirm that Rifl protects nascent DNA from degradation by the Dna2-WRN/Sgs1
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addition to degrade Dna2. (D) Depletion of Dna2-AID prevents degradation of nascent DNA in rifIA cells. Here and below * and **** indicate p-values less
than 0.05 and 0.0001, respectively. Strains used were CMY54 (WT), CMY56 (riflA), CMY58 (DNA2-AID) and CMY59 (rifiIA DNA2-AID).

https://doi.org/10.1371/journal.pgen.1011044.9003

nuclease-helicase in yeast as well as in human cells, in the pathway that appears to be evolu-
tionarily conserved.

Phosphorylation of a cluster of S/TQ checkpoint recognition sites in yeast
Rif1 is required for nascent DNA protection

The Rifl sequence contains a cluster of seven ‘S/TQ’ recognition motifs for the PIKK check-
point kinases Tell and Mec1, located between amino acids 1308 and 1569 (Fig 4A). This
region has been termed the ‘SCD’ (for ST/Q Cluster Domain) [45]. Four of these potential
phosphorylation sites have been confirmed to be phosphorylated in vivo [44] by mass spec-
trometry analysis of immuno-precipitated Rifl from yeast cells. Phosphorylation of two of
these sites depends on Tell or Mecl [43-45], suggesting some aspect of Rifl function is con-
trolled by the checkpoint machinery. However, the functional importance of these checkpoint
phosphorylation sites has been unclear.

It was previously demonstrated that rif1-AC594, a C-terminal truncation mutant of Rifl, is
defective for protection of nascent DNA after HU treatment [14, 42]. As indicated in Fig 4A,
the Rif1-AC594 protein ends at amino acid 1322 and lacks five of the seven clustered consensus
checkpoint phosphorylation sites in the S/TQ site cluster, as well as the C-terminal telomere
interaction domain, raising the possibility that checkpoint phosphorylation contributes to
nascent DNA protection by Rifl. We investigated whether phosphorylation within the S/TQ
site cluster is important for Rifl to mediate protection of newly-synthesized DNA during HU-
induced replication stress. To address this issue, the serine or threonine residues at each of the
seven S/TQ sites (residues 1308, 1316, 1330, 1351, 1386, 1417 and 1569) were mutated either
to alanine to abolish phosphorylation (rifl-7A), or else to glutamic acid to mimic phosphoryla-
tion (rif1-7E) (Fig 4A). To confirm that rifI-7A and rifl-7E were expressed at similar levels to
wild type Rifl, a 13xMyc tag was introduced at the C-termini of the mutant alleles. Western
blot analysis of G1 phase-blocked cells carrying the rifl-7A and rifI-7E alleles showed similar
expression levels to a strain with similarly tagged wild type Rifl (Fig 4B).

Effects on nascent DNA protection were then tested using the procedure in Fig 1A. For the
rifl-7E mutant, we found a slight but significant reduction in the extent of initial progression
of replication forks during the initial IdU labelling period (e.g. median length 12.4 kb in wild-
type versus 11.2 kb in the rifI-7E mutants, Fig 4C), the reason for which is unclear. With
regard to nascent DNA stability after HU blockage, we found that the rifl-7A non-phosphory-
latable allele shows a significant decrease in nascent DNA tract length (from 12.4 kb to 8.7 kb
after 1 hour of HU block, Fig 4C), a reduction comparable to the decrease in nascent DNA
tract length in riflA (which in this experiment showed a reduction in tract length from 12.4 kb
to 8.7 kb over the same interval, Fig 4C). A repeat of the experiment produced very similar
results (S4 Fig). This defect in nascent DNA protection in rifl-7A suggests that phosphoryla-
tion of the S/TQ site cluster may be important for nascent DNA protection. Consistent with
this idea, the phosphomimic rifI-7E allele in contrast showed no defect in the protection of
DNA in a HU block, with the initial tract length of 11.2 kb maintained at 12.5 and 11.2kb at 1
and 1.5 hr after HU addition (Fig 4C, also see S4 Fig). This result indicates that the rifl-7E
allele is constitutively competent for nascent DNA protection. We conclude that, in order for
Rifl to protect nascent DNA, one or more of the clustered S/TQ checkpoint sites must be
phosphorylated. Either Tell or Mec1 kinase is likely to be the responsible kinase. We found
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Fig 4. Nascent DNA protection requires a cluster of Tell/Mecl checkpoint recognition sites in the unstructured Rifl C-terminal domain. (A)
Schematic of Rifl structure including seven S/TQ sites mutated to alanines in the non-phosphorylatable mutant (rif1-7A) or glutamic acids in the
phospho-mimic mutant (rifI-7E). Rif1-AC594 mutation (1-1322) is indicated by arrow. (B) Western blot testing expression of rifl-7A and rifl-7E
alleles. Strains were YSM20 (WT), YK402 (untagged), duplicate isolates CMY135 & CMY136 (rifI-7A), and duplicate isolates CMY137 & CMY138
(rifl-7E). Proteins prepared by alkaline extraction method. (C) Non-phosphorylatable mutant rifl-7A shows a profound defect in the protection of
nascent DNA at HU-blocked forks, while nascent DNA protection is intact in the rifl-7E phospho-mimic mutant. Black horizontal bars indicate
median values. Strains used were VGY85 (WT), CMY6 (rifiA), CMY130 (rifI-7A) and CMY132 (rifl1-7E).

https://doi.org/10.1371/journal.pgen.1011044.9004

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011044 November 13, 2023 10/24


https://doi.org/10.1371/journal.pgen.1011044.g004
https://doi.org/10.1371/journal.pgen.1011044

PLOS GENETICS Checkpoint phosphorylation sites on yeast Rif1 protect nascent DNA from degradation

however that nascent DNA protection is intact in mutants lacking either Tell or Mecl

(S5 Fig), probably reflecting that the two kinases may be capable of substituting one another
for Rifl phosphorylation. Nonetheless, from analysis of the non-phosphorylatable and phos-
pho-mimic mutants it appears that Rifl checkpoint phosphorylation is important to enable
nascent DNA protection after HU-induced replication stress. Despite their clear effects on
nascent DNA, the rifI-7A and rifl-7E mutants showed little if any sensitivity to HU in a plate
growth assay (S6 Fig), suggesting that if derailed DNA processing compromises the possibility
of direct replication fork recovery after an HU block, then other pathways may be available to
substitute.

Rifl is recruited to blocked fork independent of S/TQ checkpoint site
phosphorylation

Our findings above indicate that phosphorylation of the Rifl checkpoint site cluster is impor-
tant for nascent DNA protection. One possibility is that at blocked forks, checkpoint phos-
phorylation of Rifl assists with its recognition of the substrate whose dephosphorylation is
important to prevent DNA degradation. An alternative possibility is that checkpoint phos-
phorylation is important for Rifl recruitment to blocked forks. Recruitment of mouse RIF1 to
blocked forks is at least partially dependent on its checkpoint phosphorylation [62]. We there-
fore tested whether the yeast Rifl-7A mutant protein shows normal recruitment to replication
forks. First we used a newly constructed Rif1-V5 tagged allele to confirm previous ChIP analy-
sis [42] showing that Rif] binds at yeast replication origins during G1 phase (S7A Fig, G1 heat-
maps). Rifl is also present at blocked replication forks, as evidenced by broadened Rifl ChIP
signal around early-activated origins in HU, corresponding to newly initiated replication forks
that have progressed some distance before stalling (S7A Fig, HU heatmaps & [42]). Subtraction
of the ‘origin-bound Rifl’ (G1 phase) signal from the total signal around origins in HU-
blocked cells allows estimation of the distance progressed by replication forks from origins
(S7B Fig). The positions of the ‘split peaks’ visualised in this way suggest that at least some
forks have progressed between 1 and 2 kb from origins under these experimental conditions
(75 min after release from o factor at 23°C). Consistent with its representing Rifl associated
with blocked forks, this spreading of ChIP signal was not observed at late origins in HU-
blocked cells (S7B Fig, right panel).

We next tested whether recruitment to replication forks is affected by the Rifl-7A and -7E
mutations. We found that Rif1-7A is present at replication forks blocked by HU, despite the
inability of this mutant protein to mediate nascent DNA protection (Fig 5A and 5B; G1 phase
data for this experiment shown in S8 Fig, and additional experiment using Rifl-myc shown in
S9 Fig). In some experiments Rifl-7A recruitment to blocked forks appeared slightly reduced
(Fig 5A, left panel). However this mild reduction is unlikely to account for the defect of Rifl-
7A in nascent DNA protection, since a similar reduction in ChIP signal was observed for Rifl-
7E, which is competent for nascent DNA protection (Fig 5A, fourth pile-up from left). The
phenotype of Rif1-7A indicates that phosphorylation at these seven checkpoint consensus sites
is not essential for Rifl recruitment to replication forks. Rather checkpoint phosphorylation
must play a distinct role in protecting the nascent DNA, possibly by promoting recognition
and interaction of Rif1-PP1 with the substrate that must be dephosphorylated to enable
nascent DNA protection.

Discussion

Here we have shown that S. cerevisiae Rifl protects newly synthesized DNA at HU-induced
stalled forks, through a process involving interaction with PP1/Glc7. We found that in the
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Fig 5. Recruitment of Rifl to blocked forks is not dependent on phosphorylation of Rifl at S/TQ site cluster. (A) ChIP-Seq experiment data
showing enrichment of Rif1-9V5 represented as heatmaps of signal at early replication origins (left; 115 regions) or late replication origins (right; 90
regions, telomere-proximal late origins excluded). Strains were arrested in G1 phase then released into S phase in the presence of 0.2M Hydroxurea
(23°C for 75 mins) before collection for ChIP-Seq experiment. After ChIP with anti-V5 antibody and normalising against Input (read count
normalization) using bamcompare tool, heatmaps were generated using Plot heatmap tool on Galaxy platform. For plotting heatmaps, the centre of
replication origins was used as reference point, with 10kb genomic regions added upstream and downstream for the analysis. (B) Screenshot of
representative early (ARS305) and late/inactive (ARS313/ARS314) origins. Bigwig files generated as described above were visualised using Integrated
Genome Browser (IGB). Strains used were YK402 (Untagged), YLY007 (RIFI), VGY384 (rifl-7A) and VGY386 (rifl-7E).

https://doi.org/10.1371/journal.pgen.1011044.9005

absence of Rifl the Sgs1-Dna2 helicase-nuclease complex is primarily responsible for degrad-
ing nascent DNA (Figs 2 and 3). Our results reveal the mechanism through which Rifl protects
nascent DNA is conserved from budding yeast to humans.
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Proper regulation of nascent DNA protection appears important to enable fork recovery
and ensure replication stress resistance [31, 63], and the fact that the riflA mutant does not
show sensitivity to replication stress agents may reflect that other pathways are available for
fork recovery. Such pathways could potentially require Sgs1, which might explain why the
sgs1A mutation shows high replication stress sensitivity even though a rifiA mutant does not
(S2 Fig). For example, Sgs1 has been reported to act on the rDNA during mitotic pathways of
replication stress recovery, and in chromosome disentanglement [54, 55, 64].

We discovered additionally that the S/TQ phospho-site cluster located within the unstruc-
tured region of S. cerevisiae Rifl is required for nascent DNA protection. Specifically, a non-
phosphorylatable rifi-7A allele caused a nascent DNA protection defect comparable to that of
a full rifIA deletion. A phosphomimic rifI-7E allele in contrast did not produce any defect,
supporting the suggestion that checkpoint-mediated phosphorylation of the Rifl S/TQ cluster
is important to protect nascent DNA at stalled forks. The function of the yeast Rifl S/TQ clus-
ter has been the subject of debate, especially since mutating sites in this cluster does not impact
telomere length in an otherwise wild-type background (although some effect on telomeres was
observed in the context of rif2 or tell mutations) [45]. One site within the cluster (Rifl S1351)
was identified by a previous study as phosphorylated under replication stress conditions by
Mecl or Tell [43] in a proteome-wide identification of in vivo targets of DNA damage check-
point kinases, confirming that the cluster of S/TQ does represent a bona fide target of Mec1/
Tell under replication stress. These results are in alignment with effects discovered for mam-
malian RIF1 [62] and assign a clear physiological function for the yeast Rifl S/TQ site cluster
phosphorylation, as being important for nascent DNA protection.

Based on the effect of the rifI-7A and rifI-7E mutations, we expect that activity of either
Tell or Mecl will be needed for nascent DNA protection. Testing this possibility, we found
that nascent DNA protection is intact in both tel14 and sml1A meclA mutants (S5 Fig), proba-
bly reflecting that the two kinases can substitute for each other in phosphorylating Rifl.
Removal of both Mecl and Tell substantially impairs cell growth [65], and we were not able to
make a conditional depletion strain suitable for testing whether nascent DNA protection is
intact in the absence of both Mec1 and Tell.

How Rifl is recruited to stalled forks is still unclear. In human HeLa cell lines and Drosoph-
ila, Rifl has been shown to interact with progressing replisomes. In Drosophila, fork associa-
tion is largely dependent on Suppressor of Underreplication protein (SUUR) [66, 67]. Rifl
also appears to be recruited to stalled replication forks in mouse embryonic fibroblasts (MEFs)
[19], and a recent study indicates that recruitment of mouse RIF1 to stalled forks in B lympho-
cytes depends on checkpoint phosphorylation [62]. We therefore tested whether the S/TQ site
cluster is needed to stimulate the association of yeast Rifl with replication forks upon check-
point activation. Our results show that while it may make some minor contribution, phos-
phorylation of the potential Tell/Mecl phosphorylation site cluster in Rifl is not essential for
recruitment of yeast Rifl to stalled forks (Fig 5), despite the fact that these sites are clearly
essential for protecting the nascent DNA (Fig 4). We therefore suspect that, rather than medi-
ating fork recruitment, phosphorylation of these sites in response to activation of the intra-S
phase checkpoint pathway may be required for the proper recognition and binding to the sub-
strate for dephosphorylation by Rifl-PP1 at replication forks (Fig 6). Phosphorylation may
cause allosteric changes in Rifl structure, in turn allowing an association with specific compo-
nents recruited to stalled forks. Phosphorylation of Rifl and of other PP1 regulatory subunits
is known to modify their function by regulating PP1 interaction [68], and can plausibly be
expected to modulate interaction with potential dephosphorylation targets as well.

Our results indicate that PP1 is required for Rifl to mediate nascent DNA protection, since
a rifl-pp1bs mutant that is incompetent for Glc7 binding cannot mediate nascent DNA
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Fig 6. Model for protection of nascent DNA by S. cerevisiae Rifl under HU-induced replication stress. We propose that
replication fork stalling upon HU treatment causes checkpoint-mediated phosphorylation of the S/TQ site cluster in Rif1 (left
panel, red circles), enabling Rif1-PP1 at the stalled replication fork to recognise the Sgs1-Dna2 complex and oppose its degradation
activity, potentially by directly dephosphorylating Dna2 and/or Sgs1. In the absence of Rif1, Dna2-Sgs1 will be activated to degrade
nascent DNA (right panel).

https://doi.org/10.1371/journal.pgen.1011044.9g006

protection. This protein is stably expressed in S. cerevisiae, as shown previously [14, 46] and
confirmed here (Fig 1E). The target dephosphorylated by this regulation is not completely
clear. The Dna2-WRN/Sgs1 complex is a good candidate, given its primary responsibility for
nascent DNA degradation in both yeast and mammals lacking RIF1 (Fig 6). Previous work in
mammalian cells showed that both DNA2 and WRN (which is one of five human RecQ heli-
case homologs with similarity to yeast Sgs1 [69]) are hyperphosphorylated in the absence of
RIF1 [18, 19], suggesting that either or both DNA2 and WRN may indeed be direct targets of
RIF1-PP1. MEFs treated with a PP1 inhibitor show hyperphosphorylation of DNA?2 as assessed
by Western blotting [19]. In Rifl-depleted human (HEK293-derived) cells, mass spectropho-
tometry analysis identified hyperphosphorylation of several residues in the WRN helicase
either in untreated or HU-blocked conditions [18].

Our findings are consistent with the possibility that Rif1-PP1 dephosphorylates Sgs1 or
Dna?2 to regulate their activity. While phosphorylation of S. cerevisiae Sgs1 has been proposed
to be involved in checkpoint activation through enhancing RPA and Rad53 interaction [70],
any effect of Sgs1 phosphorylation on nascent DNA stability has not been investigated. In S.
pombe, checkpoint-mediated phosphorylation of Dna2-S220 was proposed to enable Dna2
recruitment to replication forks and the formation and cleavage of regressed forks [41]; how-
ever, whether any equivalent phospho-site controls events at blocked forks in S. cerevisiae has
not been addressed. In budding yeast, Dna2 is phosphorylated by the Cdk1 and Mec1 kinases
[71]. Cdkl phosphorylates residues T4, S17 and S237 both in vitro and in vivo, and mutating
these sites to alanine leads to less processive resection of DSBs [71]. However there has been
no investigation of how phosphorylation affects the activity of S. cerevisiae Dna2-Sgs1 at
blocked forks. Nonetheless, since phosphorylation has been suggested to activate helicase and
nuclease activities of Dna2-Sgs1, Rif1-PP1 could potentially counteract these activities by
removing activating phosphorylations. A detailed, systematic study on the effect of phosphory-
lation on the combined Dna2-Sgs1 functional activities will need to be completed to under-
stand how Rif1-PP1 may impact the function of this complex in nascent DNA protection.

While Sgs1 and Dna2 are good candidates, the possibility remains that Rif1-PP1 dephos-
phorylates other substrates to limit nascent DNA tract degradation. Various other components
affect DNA protection at HU-stalled forks. For example the MRX complex acts in concert with
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chromatin modifiers including Setl (catalytic component of the COMPASS complex that car-
ries out H3K4 methylation) for remodelling of nascent chromatin to allow access by down-
stream helicases/nucleases to progressively resect DNA ends [27]. Various COMPASS
components, such as Bre2, are potential substrates of Rif1-PP1, highlighting that Rifl could
potentially affect nascent DNA protection through COMPASS or other complexes [72].

To summarise, we have found that S. cerevisiae Rif1 protects nascent DNA by acting with
PP1 to oppose the Dna2-Sgs1 helicase-nuclease complex, in a mechanism that requires Rifl
checkpoint phosphorylation and is conserved from yeast to human cells. It will be of particular
interest to understand mechanistically why checkpoint phosphorylation is critical for this par-
ticular function of yeast Rifl in protecting nascent DNA.

Materials and methods
Yeast strains

Yeast strains used for this study were all in a W303 RAD5" background and are described in S1
Table. Plasmids and primers used in this study are listed in S2 Table and S3 Table respectively.
Strains VGY85 and CMY6 were previously described [42, 73]. CMY42 was generated in a two-
step process. First, a region of the N-terminus of RIFI (bases 97-2508) was replaced by a URA3
cassette. This URA3 cassette was then replaced using a PCR fragment amplified from plasmid
pSH192 [14] containing mutations of the PP1 binding sites of RIF1. CMY46, CMY47, CMY52
and CMY53 were created by replacing the EXOI or SGSI genes with TRP1 or URA3 respec-
tively, by one-step PCR replacement. To construct CM Y128, first a CRISPR-Cas9 plasmid was
made to enable introduction of the dna2-1 mutation. CRISPR-Cas9 plasmid pML107 [74] was
digested with Bcll and Swal restriction enzymes. The primer pair CM95-CM96, which encodes
guide RNA directed towards DNA2, was annealed and cloned into the linearised plasmid to cre-
ate plasmid CMP1. Primer CM97 was used as a ssDNA repair template to introduce the dna2-1
mutation P504S. After transformation with CMP1 and the repair template, introduction of the
correct mutation was confirmed by sequencing. RIFI was then replaced in CMY128 with a
HIS3 cassette, by one step PCR replacement, to create CMY134. Plasmid pMK198 (a gift from
Masato Kanemaki), which contains the E3 ubiquitin ligase OsTIRI under the control of a GAL
promoter, was digested with Stul and integrated into the genome of VGY85 and CMY6 at the
ura3-1locus. The C-terminus of DNA2 was tagged with full length AID amplified from plasmid
TK12, which also included a 3xFLAG tag and nourseothricin selection marker to create CMY58
and CMY59. Integration of the AID tag was confirmed by sequencing. Rifl phospho-site
mutants were constructed by first replacing the Rifl ORF nucleotide sequence 3903-4724
(amino acids 1302-1574) with a URA3 cassette, removing the entire cluster of seven S/TQ sites
to create a riflAscd:: URA3 strain, CMY71. From IDT Technologies, we obtained 822 bp ‘gBlock’
fragments encoding either alanine residues (7A allele) or glutamic acid residues (7E allele)
instead of serine/threonine at the seven S/TQ sites. These phospho-site mutant fragments were
transformed into CMY71 to replace the URA3 cassette, creating the rifl-7A or rifl-7E strains
CMY130 and CMY132, respectively. The S/TQ site mutations were confirmed by sequencing.
The C-termini of the rifI-7A and rifl-7E alleles were tagged with a Myc tag by amplifying a
13xMyc-HIS3MXG6 cassette from YSM20 [44] genomic DNA using primers AS85-AS86, and
transforming the amplified fragment into CMY130 and CMY132. Creation of these rifl-7A and
rifl-7E Myc-tagged alleles was confirmed by sequencing. For V5 tagging of Rifl and mutant
strains, YLOO1 and YL0O02 primer pair were used to amplify 9V5-KanMX4 cassette from
pBH245 plasmid for transformation into required strains.

Strains that incorporate thymidine analogs were constructed by transformation with BgIII
restriction enzyme-digested VGP9 plasmid, to direct integration of a BrdU-Inc cassette at the
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trpI-1locus. BrdU-Inc cassette refers to 1X hENT1 and 1XHSV-TK. The rifI-HOOK mutant
contains three mutations in Rif1(K437E K563E K570E) as described in [8]. These mutations
were created by CRISPR-Cas9-based genomic modification following the method described in
[74]. The VG229-VG230 primer pair (designed to encode the rifl-HOOK mutant mutations)
was used to amplify a 556 bp PCR product from WT genomic DNA and used as a repair tem-
plate. VGP19 plasmid which targets the HOOK domain region of Rifl was used as guide RNA
targeting plasmid. The rifI-HOOK mutant created was verified by sequencing.

DNA combing

DNA combing was performed as previously described [42]. Briefly, cells were arrested with o-
factor, then collected by centrifugation and resuspended in fresh media containing 1.4U /litre
Pronase (to release cells into S phase) and 1.13 mM IdU (to label nascent DNA) and cultivated
at 30°C. Cells were collected by filtration, washed and resuspended in fresh media containing
0.2 M HU and 5 mM thymidine. Thymidine was included to minimise labelling of ongoing
DNA synthesis by any residual IdU. Cells were collected after 0, 1 and 1.5 hr and encased in
low melting agarose plugs. Cells in plugs were spheroplasted and genomic DNA prepared
using FiberPrep DNA extraction kit (Genomic Vision), according to manufacturer’s instruc-
tions. DNA combing was performed using FiberComb Instrument (Genomic Vision). Cover-
slips with combed DNA were probed with anti-IdU (Becton Dickinson 347580) and anti-
ssDNA (Developmental Studies Hybridoma Bank, AB_10805144) followed by appropriate sec-
ondary antibodies with fluorescent conjugates for immunodetection. IdU tracts were visual-
ised under a Zeiss Axio Imager.M2 microscope equipped with Zeiss MRm digital camera with
a Zeiss Plan-Apochromat 63x/1.40 Oil objective lens. Images were analysed using Image] soft-
ware. IdU-labeled tract lengths were measured using the following criteria: tracts must be at
least 2 um in length; be separated from each other by 5 um or more; lie on a ssDNA fragment
at least 50 um in length with the tract finishing at least 5 pm from the end as visualised by
ssDNA antibody. IdU tract length (in um) was converted to kilobases using the predetermined
value (2 kb/um) for the DNA combing method.

dna2-1 growth plate assay

To verify temperature sensitivity of dna2-1 mutants, strains were grown overnight in YPD.
2.5x10° cells/ml were collected and serially diluted 1:5 onto YPD plates and incubated at 23°C
or 30°C.

Dna2 depletion

To investigate the effect of Dna2-AID depletion on cell viability, cells were grown overnight in
YPD and 1x10 cells/ml were serially diluted (1:10) the next day onto YPD, or YP+2% galac-
tose and where required supplemented with auxin (final concentration 1 mM).

For Dna2 depletion in liquid culture using the auxin degron system, cells were grown over-
night in YP+2% raffinose and arrested in G1 phase using a-factor for 2 hours. Galactose was
added to a final concentration of 2% to induce expression of the E3 ubiquitin ligase OsTir1.
After 1 hour, auxin (final concentration 1 mM) was added to deplete Dna2. For experiments
involving labelling of nascent DNA, Dna2-depleted cells were pre-incubated with 1.13 mM
IdU for 15 minutes. 1.4U /litre Pronase was then added directly (without filtration) to allow
release into S phase with nascent DNA labelling. To initiate the HU block cultures were filtered
and cells were resuspended in YEP 2% galactose, 1 mM auxin, 0.2 M HU and 5 mM thymi-
dine. Samples were taken after 0, 1 and 1.5 hours and DNA combing performed as previously
described [42].
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Western blotting

To confirm protein expression levels, the RIFI gene in WT and rifl-pp1bs mutant strains used
for DNA combing was tagged with a 13-Myc epitope as described previously [44]. Protein
extracts were prepared using the trichloroacetic acid (TCA) method based on [75]. Briefly, ~5
OD®* units of cells were collected and washed in 20% TCA. Cells were then resuspended in
10% TCA and disrupted using glass beads. Cell extracts were recovered, supernatant discarded
and the pellet was resuspended in 200 pl of 2X sample loading buffer. Samples were boiled at
95°C for 3 min before loading on an SDS-PAGE gel for separation.

To measure Dna2-AID degradation, cells were arrested with a-factor as outlined above,
then a ‘-60 min’ sample was collected. Galactose was added as above to a final concentration of
2%. 1 hr later auxin (final concentration 1 mM) was added and samples collected after 0, 15,

30 and 60 minutes. Proteins were prepared using the alkaline extraction method [76]. 175 ug
and 5 pg of samples were loaded onto mini-PROTEAN 4-15% TGX gels (BIORAD) for west-
ern blotting and SYPRO staining, respectively. Dna2-AID 3xFLAG was detected using anti-
FLAG M2 antibody (Sigma, F1804).

Rifl1-Myc was detected using anti-Myc antibody (MBL 047-03). Loading control Pgkl was
detected using Monoclonal 459250 (Fisher Scientific).

To assess rifl-7A and rifl-7E expression levels, cells were arrested with a-factor for 2 hours and
samples collected. Proteins were prepared by the alkaline extraction method [76]. 20 pg of samples
were loaded onto a mini-PROTEAN 4-15% TGX Stain-Free gel (BIORAD) for western blotting.

ChIP-Seq experiments

Chromatin Immunoprecipitation of Rif1-13Myc or Rif1-9V5 was performed as previously
described [42, 77] with overnight formaldehyde cross-linking, using a polyclonal anti-Myc
antibody (abcam, ab9106) for Myc epitope or V5-Tag antibody (Bio-Rad, MCA1360G).
Libraries for DNA sequencing were prepared using NEBNext Ultra Il DNA Library Prep Kit
for Illumina (NEB, E7103S).

Bioinformatic analysis of ChIP-Seq data was performed on Galaxy platform as previously
described in [42]. Briefly, Bowtie2 was used to map fastq sequencing reads to the reference
genome (sacCer3). DeepTools bamCompare was used for normalising the mapped reads from
IP samples to respective Input samples using readcount normalization. ChIP enrichment data
obtained was then used for generating heatmaps at origins using DeepTools ComputeMatrix
and DeepTools plotHeatmap.

ChIP-Seq data is uploaded to ArrayExpress under accession number E-MTAB-13451 for
Rifl-13Myc datasets, and E-MTAB-13452 for Rif1-9V5 datasets.

Supporting information

S1 Fig. Rifl-HOOK mutant can mediate nascent DNA protection. Rifl HOOK domain
mutant, defective in DNA binding as described in [8], is not defective in nascent DNA protec-
tion. Black horizontal bars indicate median values. ** indicates p-values less than 0.01,
obtained by Mann-Whitney-Wilcoxon test. ns means “not significant”. Strains used were
VGY86 (WT), CMY6 (riflA), VGY318 (rif]-HOOK).

(PDF)

S2 Fig. Hydroxyurea sensitivity plate assay of RIF1 and SGSI deletion mutants. Ten-fold
serial dilutions of indicated strains were plated on YPD with Hydroxyurea then incubated at 30°C
for 2-3 days. Strains were VGY85 (WT), CMY6 (riflA), CMY52 (sgs1A), CMY53 (sgs1A riflA).
(PDF)
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S3 Fig. Deletion of RIF1 in a dna2-1 background leads to synthetic sickness. Serial dilutions
(1:5) of cells grown on YPD at 23°C and 30°C. dna2-1 mutants are temperature sensitive and
fail to grow above 30°C. Plates were imaged after 4 and 3 days respectively.

(PDF)

S4 Fig. Nascent DNA protection requires a cluster of Tell/Mecl checkpoint recognition
sites in the unstructured Rifl C-terminal domain (repeat of experiment in Fig 4C). Analy-
sis of the Rifl S/TQ phospho-dead mutant rifl-7A reveals a defect in the protection of nascent
DNA during an HU block, while fork protection is intact in the phosphomimic mutant rifl-
7E. Black horizontal bars indicate median values. *, ** and **** indicates p-values less than
0.05, 0.01 and 0.0001, respectively, obtained by Mann-Whitney-Wilcoxon test. ns means “not
significant”.

(PDF)

S5 Fig. Deletion of TEL1 or MEC1 does not cause a defect in nascent DNA protection.
Black horizontal bars indicate median values. *, ** and **** indicates p-values less than 0.05,
0.01 and 0.0001, respectively, obtained by Mann-Whitney-Wilcoxon test. ns means “not sig-
nificant”. Strains were (A) VGY85 (WT), CMY6 (rif1A), and VGY313 (teliA); and (B) VGY85
(WT), CMY140 (sml1A), and CMY152 (smllA meclA).

(PDF)

S6 Fig. Hydroxyurea sensitivity plate assay of rifl-7A and rifl-7E mutants. Serial dilutions
of indicated strains were plated on YPD with no drug or with 0.1 M Hydroxyurea, then incu-
bated at 30°C. Strains were VGY85 (WT), CMYG6 (riflA), duplicate strain isolates CMY130 &
CMY131 (rifI-7A) and duplicate strain isolates CMY 132 & CMY133 (rifI-7E).

(PDF)

S7 Fig. Rif1-9V5 ChIP-Seq experiment to test suitability of a V5 tag for ChIP of Rifl. (A)
ChIP-Seq experiment data showing enrichment of Rif1-9V5 represented as heatmaps of signal
at all replication origins (left), early-initiating origins (centre) or late-initiating replication ori-
gins (right; telomere-proximal late origins excluded). Heatmaps are shown for o factor-
arrested (G1) and for HU-blocked cultures. In G1-arrested cells, Rifl binds to both early and
late origins, as previously described [42]. In HU-arrested cells, broadened distribution of Rifl-
9V5 signal around early (but not late) origins is indicative of replication forks diverged from
early (but not late) origins. Cells from Rif1-9V5 tagged strains were collected in either G1
phase (alpha-factor arrest) or after release into S phase in the presence of 0.2M HU (23°C, 75
min). Formaldehyde-crosslinked cells were used for IP with anti-V5 antibody. IP values nor-
malised against Input samples were used to generate heatmaps (A) at all origins of replication
(410 regions) or early origins (115 regions) or late origins (90 regions) as listed in S4 Table. (B)
Heatmaps showing signal observed in HU-blocked cultures after subtraction of signal
observed in G1 phase.

(PDF)

S8 Fig. Heatmaps showing ChIP-Seq data from G1-arrested samples, for the experiment
presented in Fig 5. ChIP-Seq experiment data showing enrichment of Rif1-9V5 represented
as heatmaps of signal at early replication origins (left; 115 regions) or late replication origins
(right; 90 regions, telomere-proximal late origins excluded). Strains were arrested in G1 phase
before collection for ChIP-Seq analysis. Data for the same experiment for cells blocked by
0.2M Hydroxurea (23°C for 75 mins) is shown in Fig 5.

(PDF)
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S9 Fig. Recruitment of Rifl to blocked forks is not dependent on phosphorylation of Rifl
at S/TQ site cluster, confirmed by analysis of Rifl-13Myc. Data from ChIP-Seq experiment
using Rifl1-13Myc tag, confirming analysis in Fig 5 showing that Rif1-7A mutant is not defec-
tive in recruitment to blocked replication forks. Experimental procedure was the same as that
described for Figs 5 and, but using Rif1-13Myc instead of Rif1-9V5. Strains were YSM20
(RIF1), VGY333 (rif1-7A), VGY335 (rif]-7E).

(PDF)

S1 Table. Yeast strains used in this study.
(XLSX)

S2 Table. Plasmids used in this study.
(XLSX)

$3 Table. Primers used in this study.
(XLSX)

$4 Table. List of Origins used for ChIP-Seq data analysis.
(XLSX)
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