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ABSTRACT Rif1 is a key factor for spatiotemporal regulation of DNA replication.
Rif1 suppresses origin firing in the mid-late replication domains by generating
replication-suppressive chromatin architecture and by recruiting a protein phospha-
tase. In fission yeast, the function of Hsk1, a kinase important for origin firing, can
be bypassed by rif1Δ due to the loss of origin suppression. Rif1 specifically binds to
G-quadruplex (G4) in vitro. Here, we show both conserved N-terminal HEAT repeats
and C-terminal nonconserved segments are required for origin suppression. The
N-terminal 444 amino acids and the C-terminal 229 amino acids can each mediate
specific G4 binding, although high-affinity G4 binding requires the presence of both
N- and C-terminal segments. The C-terminal 91 amino acids, although not able to
bind to G4, can form a multimer. Furthermore, genetic screening led to identifica-
tion of two classes of rif1 point mutations that can bypass Hsk1, one that fails to
bind to chromatin and one that binds to chromatin. These results illustrate func-
tional domains of Rif1 and indicate importance of both the N-terminal HEAT repeat
segment and C-terminal G4 binding/oligomerization domain as well as other func-
tionally unassigned segments of Rif1 in regulation of origin firing.
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Spatiotemporal regulation of DNA replication permits ordered and coordinated
duplication of the eukaryotic genomes (1). In higher eukaryotes, this regulation is

associated with the higher-order chromosome organization in nuclei, which may be
determined in early G1 at TDP (timing decision point) (2). The mid-late replication
domains appear to be sequestered from early replicating segments both temporally
and spatially, so that they will not undergo premature early replication (3).

To identify potential new regulators of replication timing, we searched for bypass
mutants for hsk1, the gene for the fission yeast homologue of budding yeast Cdc7
kinase, known to play crucial roles in initiation of replication (4, 5). We had previously
found mrc1 mutants can weakly bypass the Hsk1 function and also had shown that
replication timing is altered in mrc1 mutants (6, 7). The screening led us to identify rif1
as a strong bypass suppressor of the hsk1 null mutation (8). Furthermore, the origin
firing pattern was dramatically altered in rif1Δ cells. Following this discovery, we and
others reported that Rif1 is also a major regulator of genome-wide replication timing
domain structures in mammalian cells and other species as well (9–11). We proposed
that Rif1 regulates replication timing through generating chromatin architecture near
the nuclear periphery that is suppressive for initiation (12). Circularized chromosome
conformation capture (4C) analyses indicated that Rif1 defines and restricts the inter-
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actions between replication-timing domains, supporting the role of Rif1 as an organizer
of nuclear architecture (13).

Rif1, originally identified as a telomere binding factor in budding yeast (14, 15), has
been shown to regulate transcriptional silencing and telomere length in concert with
Rap1 (14, 16, 17). Rif1 protects telomeres through the CST (Cdc13-Stn1-Tel1) complex
(18, 19) and contributes to a telomeric anticheckpoint activity (20–22). Fission yeast
Rif1, through interaction with Taz1, regulates telomere length and telomere position
effect (TPE) (15). rif1Δ restores viability of taz1Δ at 25°C, although the molecular
mechanism of this suppression is not clear (23). Roles of Rif1 in correct telomere length
regulation have been reported in other yeasts as well (24, 25). In contrast to that in
yeasts, a direct role of Rif1 in telomere regulation is unlikely in mammalian cells, since
it is not colocalized at telomeres and no obvious telomere defects were observed in Rif1
knockout cells (26, 27). However, Rif1 indirectly regulates telomeres through transcrip-
tional silencing of Zscan4, a factor promoting recombination-mediated telomere elon-
gation in embryonic stem cells (28).

In human cells, Rif1 was found to accumulate at double-stranded DNA breaks (DSBs)
in an ATM- and 53BP1-dependent manner (26, 27). Rif1 also may participate in the
intra-S-phase checkpoint to slow down DNA synthesis in response to DNA damage and
also contributes to replication stress survival (27, 29). More recently, Rif1, in conjunction
with 53BP1, was shown to facilitate nonhomologous end joining (NHEJ) repair of DSBs
by inhibiting 5= to 3= DNA end resection required for homologous recombination
(HR)-mediated repair (30–34). Yeast Rif1, on the other hand, was shown to promote DSB
resection, facilitating HR repair of DSBs (35). In Xenopus egg extracts, Rif1 is required for
chromatin accumulation of several key checkpoint proteins (TopBP1, ATR, and the MRN
complex) (36). Rif1 was also reported to function in resolution of nontelomeric chro-
mosomal entanglement in M phase in fission yeast (37).

Only limited information is available as to how the structure of Rif1 and its
biochemical functions are related to its diverse cellular functions. One of the conserved
features of Rif1 is the presence of HEAT (Huntingtin, elongation factor 3, A subunit of
protein phosphatase 2A, and TOR) or armadillo-type helical repeats (26). The N-terminal
domain of Rif1 is predicted to have 14 to 21 tandem HEAT-like repeats (29), although
the numbers and lengths of HEAT-like repeats depend on the species. Within the HEAT
repeats, highly conserved Rif1-core segments have been identified. In fission yeast Rif1,
an �400-amino-acid (aa) segment (aa ~100 to ~500) is the most conserved among
various HEAT repeats from many proteins, including Importin. Another conserved motif
is the docking motif for type I protein phosphatase (PP1), consisting of SILK-RVXF
sequences in multicellular organisms (38). In yeast, a PP1 binding motif can be found
as an RVXF-SILK arrangement near the N terminus of the protein. The PP1-interacting
motif was shown to be required for origin suppression activity both in yeasts and
human (39–43).

It was reported that a C-terminal domain of Rif1 can bind preferentially to branched
DNAs, including cruciform and forked DNA (29). It was also reported that a short
segment of the C-terminal 60 amino acids (residues 1857 to 1916) of Saccharomyces
cerevisiae Rif1 (ScRif1) forms a tetramer (44). We have reported that fission yeast Rif1
binds to specific segments on the chromosome (Rif1BS, for Rif1 binding site), whose
sequences are characterized by the presence of multiple G-tracts, and that this binding
is mediated by its specific recognition of G-quadruplex (G4) structure (45). The purified
Rif1 protein binds to G4 with higher affinity than to cruciform DNA. We also purified the
mouse Rif1 protein and showed that it also selectively and preferentially bound to G4
(46).

In order to elucidate how the functional domains on Rif1 protein are coordinated in
its cellular activities, we genetically and biochemically characterized the truncated
polypeptides of fission yeast Rif1 and also isolated loss-of-function mutants. Our results
indicate the importance of both N-terminal and C-terminal domains for origin suppres-
sion and telomere regulation functions of Rif1 and requirement of their coordination for
its in vivo chromatin binding and biological functions. Our results also identify critical
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residues for in vivo chromatin binding and origin suppression/telomere regulation. On
the basis of biochemical properties of Rif1 and its truncation polypeptides, we will
speculate on how it may contribute to the formation of replication-inhibitory chromatin
architecture.

RESULTS
Both N-terminal and C-terminal segments of fission yeast Rif1 are required for

its origin suppression activity. Rif1 is evolutionarily conserved, and the N-terminal
segment is composed of many HEAT- and armadillo-type repeats (29), which are helical
folds that form extended curved proteins or RNA interface surfaces. The N-terminal
segment [Rif1(aa110-471)] is particularly well conserved and regarded as a Rif1
N-terminal domain. Rif1 has a PP1-interacting motif near its N terminus (Fig. 1A) (38).
However, other structural and functional domains are not known. We previously
reported that disruption of rif1 can suppress hsk1Δ, suggesting that loss of rif1 can
bypass the requirement of Hsk1 function for growth (8). We have generated various
truncation forms of Rif1 and examined if they can bypass Hsk1 function. We used an
hsk1-89 mutant which does not grow at 30°C but can grow at 30°C under the rif1Δ
background. The C-terminal 435-amino-acid truncation [Rif1(aa1-965)] as well as the
N-terminal 442-amino-acid truncation [Rif1(aa443-1400)] resulted in efficient suppres-
sion of temperature sensitivity of hsk1-89 (Fig. 1B). Since the efficiency of suppression
correlates with the loss of its activity to suppress origin firing, the results indicate both
N-terminal and C-terminal segments of Rif1 are important for origin suppression. The
truncated polypeptides were expressed at a similar level, except for Rif1(aa443-1400),
which is unstable (Fig. 1C). The C-terminal 140-amino-acid truncation (aa 1 to 1260)
resulted in partial suppression (Fig. 1B), indicating that the mutant still retains some
activity to suppress origins. Consistent with this prediction, bromodeoxyuridine (BrdU)
immunoprecipitation in the presence of hydroxyurea (HU) showed that origin firing at
late origins was partially deregulated in rif1Δ1261-1400 [Rif1(aa1-1260)] (Fig. 1D). The
chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) analyses indicated that
Rif1(aa1-965) and Rif1(aa443-1400) completely lost their ability to bind to Rif1BS
(Fig. 1E), whereas Rif1(aa1-1260) binds to the Rif1BS on the arm with affinity much
lower than that of the full-length protein. The binding to telomere was almost com-
pletely lost in all truncated polypeptides (Fig. 1E). Both Rif1(aa151-1400) and Rif1(aa1-
1260) failed to correct the telomere deficiency of rif1Δ cells, whereas the full-length Rif1
restored the normal telomere (Fig. 1F, lanes 6 to 8). This indicates that both N-terminal
and C-terminal segments of Rif1 are required for its chromatin binding, for origin
suppression as well as for telomere regulation.

Both N-terminal and C-terminal polypeptides of Rif1 bind to G4. We expressed
various portions of Rif1, purified them (Fig. 2A), and examined their G4 binding activity.
All of the polypeptides containing either an N-terminal or C-terminal segment (aa 1 to
444, aa 1 to 1023, aa 472 to 1400, aa 1091 to 1400, and aa 1129 to 1400) bind to G4
DNA (Fig. 2; see also Fig. S1 in the supplemental material).

Both an N-terminal polypeptide [Rif1(aa1-1023)] and a C-terminal polypeptide
[Rif1(aa1091-1400)] bound to G4 with apparent dissociation constants (Kd) of 13.4 and
11.8 nM, respectively (Fig. S1). A shorter N-terminal polypeptide [Rif1(aa1-444)] also
bound with a Kd of 15.2 nM (Fig. S1). In contrast, the full-length Rif1 bound to G4 DNA
with a Kd of 0.3 to �0.8 nM (Fig. S1), roughly consistent with a previous report (45).
Thus, both C-terminal and N-terminal polypeptides bind to G4 with affinity lower than
that of the full-length polypeptide. We noted that the Rif1(aa472-1400) polypeptide
containing both the C-terminal DNA binding domain and a part of the HEAT repeats
bound to G4 at a significantly higher level than other N-terminal or C-terminal poly-
peptides, with an apparent Kd of 0.6 nM (Fig. S1C). Portions of conserved HEAT motifs
present on this polypeptide appear to increase the affinity to G4.

DNA binding activity was previously reported for a N-terminal domain of S. cerevisiae
Rif1 protein as well (44). Both N-terminal polypeptides [Rif1(aa1-1023) and Rif1(aa1-
444)] generate large aggregates at the top of the gel and a small amount of fast-
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FIG 1 Bypass of the Hsk1 function, origin suppression, and chromatin binding activities of various Rif1 truncation polypeptides. (A) Schematic drawing of
fission yeast Rif1 protein (1,400 amino acids). The three conserved armadillo/HEAT repeat segments identified by using the “SUPERFAMILY” search method

(Continued on next page)
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migrating shifted bands in gel shift assays (Fig. 2C and E). The complexes that entered
the gel appear to be somewhat smeared, suggesting that they are not very stable
during electrophoresis. In contrast, the polypeptides containing the C-terminal seg-
ment generate discernible shifted bands with less large aggregates at the top of the gel
(Fig. 2D). These observations suggest that the N-terminal and C-terminal polypeptides
generate G4-protein complexes with distinct assembly.

With all the polypeptides, binding was competed most effectively by cold G4 DNA
(T6G24) itself (Fig. 3, lanes 9, 10, 21, 22, 33, 34, 45, and 46; Fig. S2 shows additional
details) but not by other structured DNAs, including cruciform, forked DNA, and non-G4
DNA (T6[GA]12). This was most clearly observed with the C-terminal polypeptides
[Rif1(aa1091-1400) and Rif1(aa1129-1400)]. However, competition was weak with the
N-terminal polypeptide [Rif1(aa1-1023)] under the same conditions (Fig. 3, lanes 21 and
22). In particular, the high-molecular-weight aggregates at the wells were not signifi-
cantly reduced by addition of competitor G4 DNA (Fig. 3, lane 22). This could be due
to the nature of the N-terminal polypeptides. In a native gel, they mostly run at the top
of the gel, indicative of large aggregates (data not shown). In gel shift assays with
polyacrylamide gel, the polypeptide aggregates may trap the added competitor DNA
at the well. In pulldown assays, both Rif1(aa1-1023) and Rif1(aa1-444) polypeptides
exhibited specificity to G4 DNA compared to that of non-G4 DNA (Fig. S3, lanes 4, 5, 9,
and 10). The expected N-terminal polypeptides are enriched after pulldown with the G4
oligonucleotide, indicating the absence of other major DNA binders in contaminating
polypeptides (Fig. S4, lanes 2 and 7). These results suggest that the dual G4 binding by
the C-terminal and N-terminal segments of Rif1 support its G4 recognition/binding, and
that the N-terminal HEAT/armadillo repeats facilitate the generation of high-molecular-
weight complexes through their self-associating activity.

Amino acid residues required for G4 binding and oligomerization of Rif1.
Alignment of the C-terminal segment of Rif1 revealed the presence of conserved amino
acid sequences, including ENSKKRQFSSLL at aa 1321 to 1332 and RLQRAILSR at aa 1390
to 1398 (Fig. 4A). We generated alanine substitutions at the conserved amino acids in
the above-described two segments (underlined residues; mut1 and mut2, respectively)
on the C-terminal polypeptide (aa 1129 to 1400). The purified mutant proteins were
examined for G4 binding. Although mut1 polypeptide showed DNA binding activity
identical to or greater than that shown by the wild-type polypeptide, mut2 showed a
�10-fold reduction of DNA binding activity in gel shift assays (Fig. 4B, lanes 7 to 9 and
15 to 17; Fig. S5 provides additional data).

Since we previously showed that Rif1 forms oligomers (46; R. Fukatsu, K. Moriyama,
and H. Masai, unpublished data), we then examined if the C-terminal polypeptide forms
multimers and if the mutation affects the multimerization activity of the protein. We
analyzed the purified proteins on a native protein gel. The C-terminal 272-aa (aa 1129
to 1400, 30 kDa [predicted molecular weight]), 229-aa (aa 1172 to 1400, 25 kDa), 148-aa
(aa 1253 to 1400, 16 kDa), and 91-aa (aa 1310 to 1400, 10 kDa) polypeptides migrated

FIG 1 Legend (Continued)
are indicated by double-arrowed bars. The yellow segment represents conserved PP1 binding sites. (B) Tenfold serial dilutions of exponentially growing cells,
as indicated, were spotted onto YES agar and incubated for 5 days at 25 or 30°C. (C, upper) Cell extracts were prepared from exponentially growing
Flag-tagged Rif1, Rif1(aa1-1260), Rif1(aa1-965), Rif1(aa1-442), and Rif1(aa443-1400) cells, and the expression levels of truncated Rif1 polypeptides were
estimated by Western blotting using anti-Flag antibody. (Lower) Anti-�-tubulin antibody (loading control). (D) Cells expressing the indicated Rif1 truncation
polypeptide were arrested at M phase by nda3-KM311 at 20°C and released into the cell cycle in the presence of 25 mM HU and 200 �g/ml BrdU for 60 min
at 30°C. The genomic DNA was extracted, and BrdU-substituted DNA was immunoprecipitated. IP efficiency (relative to the input genomic DNA) was assessed
by quantitative real-time PCR. ars2004 is an early-firing origin, and Ori I:2663kb, Ori II:2580kb, Ori II:3380kb, and Ori II:4255kb are late/dormant origins that
normally do not fire in the presence of HU. Non-Ori II:4282kb is a nonorigin sequence (negative control). Independent experiments were conducted three
times. (E) Cells expressing the indicated Rif1 truncation polypeptide were arrested at M phase by nda3-KM311 mutation and released into the cell cycle at
30°C. The cells were fixed at 15 min after release. Rif1 chromatin immunoprecipitation was conducted, and the chromatin binding of Rif1 was assessed by
quantitative real-time PCR at the sites indicated. I:2663kb and II:4255kb are known Rif1 binding sites, and II:4282kb is a negative-control site. Telomere-
associated sequence is derived from the sequences located at the end of chromosomes 1 and 2. Independent experiments were conducted three times. (F)
Wild-type (YM71), rif1Δ (FY14160), taz1Δ (FY14161), and rap1Δ (FY14171) cells were grown in YES. rif1Δ or rif1Δ cells expressing full-length or truncated Rif1
were grown in Edinburgh minimal medium without thiamine for 12 h. Cells were collected and genomic DNA was isolated by using a blood and tissue kit
(Qiagen). Genomic DNA, digested by ApaI, was separated on 1% agarose gel, and then the telomere was detected by Southern hybridization using a probe
containing the TAS1 sequence.
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FIG 2 DNA binding activity of truncated polypeptides of Rif1 protein. (A) N-terminally or C-terminally truncated polypeptides of
Rif1 protein, expressed in 293T cells and purified or partially purified by an anti-FLAG antibody column, were analyzed by 10%
(37.5:1) SDS-PAGE and were detected by Coomassie brilliant blue staining. In the polypeptides containing HEAT repeats (lanes
1 to 3), common contaminants (probably cellular heat shock proteins) were detected. (B to E) 32P-labeled T6G24 oligonucleotide

(Continued on next page)
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at �480 kDa, �400 kDa, �240 kDa, and 160 kDa, respectively, on a native gel (Fig. 5A,
lanes 6, 8, 9, and 10), suggesting that the C-terminal polypeptides form multimers. The
molecular sizes predict the multimers potentially are composed of as many as 16
subunits, although it is difficult to accurately predict the numbers of subunits in each
multimer, since the mobility on PAGE is affected by the shape of the molecule as well.
The results indicate that the C-terminal 91 amino acids are capable of multimerization,
although they do not bind to G4 (Fig. 5B; Fig. S6 provides additional data). Interestingly,
the aa 1129 to 1400 mut2 polypeptide migrated at �120 kDa (Fig. 5A, lane 7),
suggesting that the mutant forms an oligomer with smaller numbers of subunits. In gel
filtration, the wild-type aa 1129 to 1400 polypeptide migrated at around 500 to
�600 kDa, whereas the mut2 aa 1129 to 1400 polypeptide migrated at �150 kDa (Fig.

FIG 2 Legend (Continued)
(0.25 pmol; sequence shown below the panels), heat denatured and renatured in 50 mM KCl and 40% PEG 200, was incubated
in the presence of increasing amount of the full-length (B), N-terminal (aa 1 to 1023) (C), C-terminal (aa 1091 to 1400) (D), and
short N-terminal (aa 1 to 444) (E) polypeptides of Rif1. The samples were analyzed by 8% PAGE (1� TBE, 50 mM KCl, and 40%
PEG 200). The related data for this set of experiments where binding constants were estimated are shown in Fig. S1.

FIG 3 Competition assays with various structured DNAs for G4 binding of truncated polypeptides of Rif1. The labeled T6G24 DNA (0.2 pmol), heat denatured
and renatured in 50 mM KCl and 40% PEG 200, was incubated with full-length Rif1 (0.2 nM) or truncated polypeptides of Rif1 (aa 1 to 1023, 20 nM; aa 1091
to 1400, 10 nM; aa 1129 to 1400, 20 nM) in the presence of various nonlabeled structured DNAs (0.2 and 1 pmol), and samples were analyzed by 10% PAGE
(0.5� TBE, 50 mM KCl, and 40% PEG 200). The lower panel shows the quantification of binding, conducted as described in the legend to Fig. S1.
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S6), consistent with the results of the native gel, showing the importance of the
C-terminal conserved sequences for oligomerization. These results indicate that the
very C-terminal amino acid residues of Rif1 play a crucial role in G4 DNA binding as well
as in oligomerization.

Further analyses of C-terminally truncated Rif1 polypeptides indicated that the
C-terminal 229 amino acids (1172 to 1400) are sufficient for G4 binding, whereas the
C-terminal 148-amino-acid polypeptide (aa 1253 to 1400) did not bind to DNA (Fig. 5B;
Fig. S6 provides additional data), indicating that the 81 amino acids (aa 1172 to 1252)
are essential for G4 binding and that the ability to form a large multimer is not sufficient
for G4 binding.

FIG 4 Mutations in the C-terminal conserved residues lead to reduced G4 binding. (A) The C-terminal amino acid sequences of Rif1 protein from three
Schizosaccharomyces yeasts, S. cryophilus OY26, S. octosporus yFS286, and S. pombe, are aligned. Red, green, and blue letters indicate the identical,
conserved, and related amino acid residues, respectively. Numbers below the sequences indicate the amino acid numbers of the S. pombe Rif1. The
extents of the four C-terminal polypeptides analyzed in this study are shown, with numbers indicating the residues at their N termini. Two clusters of
well-conserved amino acid residues are underlined. These segments were mutated by changing the amino acids shown in boldface letters to alanine
(mut1 and mut2). (B) The labeled T6G24 DNA (0.25 pmol), heat denatured and renatured in 50 mM KCl and 40% PEG 200, was incubated with various
amounts of full-length protein (lanes 2 to 5), the wild type (aa 1129 to 1400; lanes 7 to 9), mut1 (aa 1129 to 1400; lanes 11 to 13), or mut2 (aa 1129
to 1400; lanes 15 to 17), and samples were analyzed by 8% PAGE (1� TBE, 50 mM KCl, and 40% PEG 200). The graph shows quantification of the binding,
conducted as described in the legend to Fig. S1. Mutations of the conserved sequences near the C terminus of Rif1 (mut2) reduce the G4 binding activity
in gel shift assays (estimated Kd, �250 nM). The result presented is a representative from two independent experiments, and the graph represents the
average values. Another set of results is shown in Fig. S5.
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Complexes between Rif1 polypeptides and G4. The presence of dual DNA
binding domains suggests a single molecule of Rif1 binds to more than one molecule
of G4. In order to assess more precisely the number of G4 molecules bound by a single
molecule of Rif1, we conducted gel shift assays in the presence of excess amounts of
the G4 oligonucleotide. The amount of the bound substrate DNA was determined by
measuring the radioactivity of the bound (complex) and unbound (free) DNA bands.

In order to get better separation of bound and unbound G4, we used a different gel
condition (10% polyethylene glycol 200 [PEG 200] instead of 40%). Under this condi-
tion, the bound G4 migrates near the well, giving a better separation from the unbound
G4. Another feature of this new gel system is that it can separate oligomers of the T6G24

DNA, known to from a parallel-type G4. 32P-labeled T6G24 DNA (2.5 pmol) was used as
a substrate (final concentration of 250 nM). Under this gel condition, the T6G24 DNA
appeared as a clear ladder, indicative of the presence of dimer, trimer, tetramer, etc. In
titration of the C-terminal polypeptides (aa 1091 to 1400 and aa 1129 to 1400), the
larger T6G24 DNAs were bound at the lowest concentration of the polypeptide, and the
smaller G4 elements were bound only at a higher concentration (Fig. 6A), as was
predicted from the results for other gels (Fig. 2). These results indicate the preference
of the Rif1 C-terminal G4 binding domain for the polymers of G4.

A molecule of the above-described C-terminal polypeptides bound close to two
molecules of the G4 DNA, on average, at a low protein concentration (12 nM). This is

FIG 5 Analyses of multimerization of Rif1 C-terminal polypeptides on a native gel. (A) Rif1 C-terminal polypeptides were analyzed by SDS-PAGE (5% to 20%
gradient gel; left, lanes 1 to 5) and on a native protein gel (5% to 20% gradient gel; right, lanes 6 to 10). Proteins were detected by CBB staining. The C-terminal
91 amino acids are sufficient for multimerization, and mutation of the conserved sequences near the C terminus impairs it (mut2, aa 1129 to 1400; lane 7). (B)
The labeled T6G24 DNA (0.25 pmol), heat denatured and renatured in 50 mM KCl and 40% PEG 200, was incubated with various amounts of aa 1129 to 1400
(lanes 2 to 5), aa 1172 to 1400 (lanes 8 to 12), aa 1253 to 1400 (lanes 14 to 18), and aa 1310 to 1400 (lanes 20 to 24), and the samples were analyzed by 8%
PAGE (1� TBE, 50 mM KCl, and 40% PEG 200). The bottom graph shows quantification of the binding, conducted as described in the legend to Fig. S1. aa 1172
to 1400 can bind to G4 but not aa 1253 to 1400 or aa 1310 to 1400. In this experiment, the polypeptides derived from C-terminal segments were expressed
and purified from E. coli. The result presented is a representative of two independent experiments, and the graph represents the average values. Another set
of results is shown in Fig. S6.
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probably due to its preferential binding to the oligomers of G4. At a high concentration
(�300 nM; almost equimolecular to the G4 DNA), the number of G4 molecules per
molecule of C-terminal polypeptide dropped to 0.3 to 0.5. The results suggest that the
stoichiometry of G4 per monomer of the C-terminal polypeptide is low; the polypeptide
likely binds to a single molecule of G4. In contrast, the preparation containing the

FIG 6 Stoichiometry of G4 molecules bound to Rif1 protein. (A) Gel shift assays were conducted with the Rif1 C-terminal polypeptides (aa 1091
to 1400 and aa 1129 to 1400) as described in the legend to Fig. S1, except that 2.5 pmol of labeled T6G24 DNA was used as substrate DNA. The
samples were analyzed by 8% PAGE (29:1) in 1� TBE, 50 mM KCl, and 10% PEG 200. After an autoradiograph was taken, dried gel pieces
containing the free and complex DNA bands were excised from each lane, and the radioactivity was measured in a scintillation counter. The
radioactivity in the complex band was divided by the sum of radioactivity of the free and complex DNA, and the amount of template DNA bound
with the polypeptide was estimated. On the assumption that all of the polypeptides are involved in the binding, the number of the G4 molecules
per molecule of the polypeptide was calculated for each binding (insert tables). (B) Full-length and truncated polypeptides, as shown, were used
for gel shift assays, as described for panel A. The number of G4 molecules per molecule of each polypeptide was calculated at different
concentrations of peptide, as described for panel A, and the values are presented in the table. Under this condition, �90% of the polypeptides
added in the reactions are present in the bound complexes (confirmed by Western blotting).
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full-length polypeptide bound to the G4 substrate with stoichiometry of �15 G4
molecules at 1 nM protein and �8 G4 molecules per molecule of the polypeptide even
at 4 nM protein (Fig. 6B). Interestingly, the N-terminal polypeptide (aa 1 to 1023) also
showed stoichiometry of �7 G4 (at 2 nM) and �3 G4 (at 8 nM) molecules. In contrast,
the number of G4 molecules per molecule of the C-terminal polypeptide did not exceed
4 even at 1 nM and was less than 2 at 8 nM (Fig. 6B). By Western blot analyses of the
same binding samples, we have confirmed that �90% of the polypeptides added are
involved in binding to G4 at a concentration of 8 nM (data not shown). These results
suggest a role of the HEAT domain in coordinating the binding of Rif1 to multiple G4
molecules in conjunction with the C-terminal G4 binding domain rather than the
possibility that the two G4 binding domains on Rif1 independently bind to G4.

Identification of point mutant Rif1 capable of bypassing Hsk1 function. In order
to identify novel motifs involved in Rif1’s origin suppression function, we screened
mutants of Rif1 which could rescue the growth of hsk1-89 at 30°C (Fig. S8 depicts the
strategy). Six mutants were identified, and mutation sites were determined (Fig. S9).
Generally, the mutants contain multiple amino acid substitutions, and we tried to
identify the responsible mutations by constructing mutants harboring each single-
amino-acid substitution. We have identified R236H and L848S, each of which alone
could suppress hsk1-89. L848S suppressed hsk1-89 to an extent similar to that by rif1Δ,
while R236H did so slightly weakly (Fig. 7A and Fig. S9). The single L848S mutation
suppressed hsk1-89 as efficiently as the L848S T865A double mutant, whereas T865A,
which coexisted with L848S in mut4, did not restore the growth of hsk1-89 at 30°C (data
not shown); thus, the L848S T865A double mutant can be regarded as being identical
to the L848S single mutant. We next examined the chromatin binding of these mutant
Rif1 proteins at two Rif1BS (Rif1BSI:2663 and Rif1BSII:4255) and a telomere (NUS70_TEL).
R236H bound to both Rif1BS and to the telomere as efficiently as or more efficiently
than the wild type. On the other hand, L848S did not bind to either of the two Rif1BS
or to the telomere. T865A bound to chromatin as efficiently as the wild type, consistent
with its no-effect phenotype (Fig. 7B). mut5 (S707P D731G I778V V1265A) bound to the
two Rif1BS less efficiently but bound to telomere as efficiently as the wild type (Fig. 7B).
BrdU incorporation was deregulated in the L848S mutant at four late-firing origins,
OriI:2663, OriII:2580, OriII:3380 (ars727), and OriII:4255, as vigorously as in rif1Δ (Fig. 7C). In the
R236H mutant, DNA synthesis at OriI:2663 and OriII:2580, but not at OriII:3380 or OriII:4255,
was weakly deregulated (Fig. 7C). The elongated telomere in rif1Δ was corrected by the
wild-type as well as by the R236H mutant Rif1 protein. However, the L848S mutant
could not restore normal telomere. The mut5 mutant partially restored telomere length
(Fig. 7D). Thus, the L848S mutant, incapable of chromatin binding, has lost the
functions for both origin suppression and telomere regulation, whereas R236H, capable
of binding to chromatin, appears to be defective more specifically in origin regulation
at some selected late-firing origins. The results establish that chromatin binding of Rif1
is essential for its capability for origin firing, and they indicate a role of additional
interfaces (in addition to N- and C-terminal domains) on Rif1 protein in its chromatin
binding and that not only chromatin binding but also other unknown functions of Rif1
are required for its origin suppression activity.

DISCUSSION

Rif1 is a conserved nuclear protein that was initially identified as a telomere binding
factor in yeasts (14, 15). In higher eukaryotes, in contrast, Rif1’s role in telomere
regulation is diminished, but it plays important roles in pathway choice of repair of
double-stranded DNA breaks (30–34). Rif1 stimulates NHEJ repair through association
with 53BP1. We and others reported crucial roles of Rif1 in replication timing regulation
that are conserved from yeasts to human (8–10). Although its DNA binding activity and
PP1 binding sites have been characterized (29, 38–43, 46–49), how these and other
domains of Rif1 are coordinated in its function of spatiotemporal regulation of DNA
replication remains unsolved.
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Fission yeast Rif1 C-terminal segment contains both G4 DNA binding and
multimerization activities. Rif1 binding sites (Rif1BSs) on the chromosome, as deter-
mined by ChIP sequencing (ChIP-seq), contains conserved sequence motifs (Rif1CSs)
composed of 5 to 6 G tracts. Mutagenesis analyses indicated functional significance of

FIG 7 Isolation of rif1 mutants that can bypass Hsk1 function and its chromatin binding and origin suppression activities. (A) Tenfold serial dilutions of
exponentially growing cells, as indicated, were spotted onto YES agar and incubated for 5 days at 25 or 30°C. Red bars indicate the positions of amino acid
substitutions. (B) Cells carrying the indicated rif1 mutation (tagged with His6-Flag10 at the C terminus) were arrested at M phase by nda3-KM311 at 20°C and
released into the cell cycle at 30°C. The cells were fixed 15 min after release. Rif1 chromatin immunoprecipitation was conducted, and the chromatin binding
of Rif1 was assessed by quantitative real-time PCR at the sites indicated. I:2663kb and II:4255kb are known Rif1 binding sites, and II:4282kb is a
negative-control site. NUS70_TEL is located at a telomere. (C) Cells carrying the indicated rif1 mutation were arrested at M phase by nda3-KM311 at 20°C and
released into the cell cycle in the presence of 25 mM HU and 200 �g/ml BrdU for 60 min at 30°C. The genomic DNA was extracted, and BrdU-substituted
DNA was immunoprecipitated. The IP efficiency (relative to the input genomic DNA) was assessed by quantitative real-time PCR. The origins examined are
the same as those described for Fig. 1D. In panels B and C, independent experiments were conducted three times. (D) The indicated cells were collected
and genomic DNA was isolated by using a blood and tissue kit (Qiagen). Genomic DNA, digested by EcoRI, was separated on 1% agarose gel, and then
telomere was detected by Southern hybridization using a probe containing the TAS1 sequence.
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these G tracts for Rif1 binding and for G4 formation in vitro (45). Purified Rif1 binds
selectively to G4 in vitro, suggesting direct recognition of G4 by Rif1. Gel filtration and
glycerol gradient analyses indicate that Rif1 forms tetramers, octamers, or even larger
oligomers (our unpublished data).

Analyses of polypeptides derived from the C-terminal segments on a native gel
clearly indicated the formation of a distinct oligomer (Fig. 5A), which was estimated to
be a multimer containing 16 subunits at maximum. The C-terminal 91 amino acids were
sufficient for generation of a multimer. We have mapped the G4 DNA binding domain
within the C-terminal 229-amino-acid polypeptide, and a further 81-amino-acid dele-
tion led to loss of DNA binding. Furthermore, amino acid substitutions of the conserved
sequences near the C terminus (mut2) resulted in reduced DNA binding and partial
destabilization of oligomer formation. mut2 generated an oligomer of reduced size,
probably a tetramer or dimer. The analyses on gel filtration also supported this
conclusion (see Fig. S7 in the supplemental material). Thus, the C-terminal conserved
sequences are required for both high-affinity G4 binding and stable formation of a large
oligomer (Fig. 4 and 5), suggesting that G4 binding is functionally linked to multimer
formation. Since the shapes of the polypeptides affect migration on a native gel or in
gel filtration, we cannot rule out the possibility that these C-terminal polypeptides are
tetramers or octamers (with mut2 aa 1129 to 1400 being a monomer or a dimer).

It has been reported that the C-terminal segments of Rif1 from budding yeast and
mammalian cells contain DNA binding activity and can oligomerize. aa 2170 to 2246 of
human Rif1 was reported to bind to fork and Holliday junction (HJ) DNA (29). The
C-terminal 60 aa (CTD) from budding yeast Rif1 protein forms a tetramer and binds to
Rap1 (44). More recently, CRII (aa 2226 to 2340) from mouse Rif1 was reported to
constitute a structure-specific DNA binding domain (48). Although this domain has
similarity to the tetramerization domain of budding yeast Rif1, it did not show clear
oligomerization activity.

The N-terminal segment of Rif1 also binds to DNA in a G4-specific manner. We
discovered that the N-terminal HEAT motif segments also contain DNA binding activity
(Fig. 2 and Fig. S1). In gel shift assays on G4, the N-terminal polypeptides tend to
generate high-molecular-weight complexes (trapped at the top of the gel) as well as a
small amount of lower-molecular-weight complexes that appear as broad bands
(Fig. 2). Indeed, the majority of the N-terminal polypeptides migrate as high-molecular-
weight complexes (aggregates at the well) on a native gel (data not shown). In
pulldown assays, the N-terminal HEAT motif polypeptides also showed specific binding
to G4 (Fig. S3). Recently, structures of the N-terminal domain of S. cerevisiae Rif1
(ScRif1-NTD) were solved (47). The ScRif1-NTD adopts a unique shepherd’s crook shape,
the hook of which is involved in capturing DNA. ScRif1-NTD forms a dimer and was
proposed to spread on DNA. Similar mechanisms may operate on high-molecular-
weight complex formation by fission yeast Rif1 N-terminal polypeptides on G4. ScRif1-
NTD was shown to be essential for telomere length regulation and for the telomeric
anticheckpoint function (47).

In contrast to the N-terminal polypeptides, the C-terminal polypeptides generate
distinct shifted bands on G4. These results reveal aspects on the molecular nature of the
N-terminal and C-terminal polypeptides, which may interact with DNA in distinct
manners. The affinity of the full-length Rif1 to G4 is at least severalfold higher than that
of the C-terminal or N-terminal fragment (Fig. S1), suggesting that the N-terminal HEAT
and C-terminal G4 binding domains (delineated to 444 and 229 aa, respectively) are
coordinately involved in high-affinity and stable binding of Rif1 to DNA. The dual G4
binding domain structure is also shared by mammalian Rif1 protein (46).

Dissection of functional domains of Rif1 protein in regulation of replication
timing. In spite of aberrant spatiotemporal regulation of DNA replication, fission yeast
rif1Δ cells are quite healthy and grow normally. They do not show sensitivity to
replication stress or to DNA damage agents (data not shown). We have shown that the
ability of rif1Δ to bypass Hsk1 (or to suppress temperature sensitivity of hsk1-89) reflects
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the loss of origin suppression activity; therefore, we utilized this characteristic of rif1Δ
to measure the origin suppression activity of each mutant (Fig. 8).

Analyses of truncation mutants indicate that deletion of either the N-terminal 442 or
C-terminal 435 amino acids results in complete suppression of hsk1-89, i.e., loss of origin
suppression (Fig. 1B). Neither truncation mutant binds to Rif1BS in vivo (Fig. 1E),
supporting the roles of both N-terminal and C-terminal segments in chromatin binding.
The deletion of the C-terminal 140 amino acids, which is a part of the C-terminal G4
binding domain, led to partial suppression of hsk1-89 and caused firing at late-firing
origins at the level 20% to 50% of that observed in rif1Δ. The mutant also exhibited

FIG 8 Summary of the results. (A) Summary of the properties of the mutant Rif1 proteins constructed and analyzed in this study.
Chromatin binding represents binding to Rif1BS on the arm as determined by ChIP-qPCR/ChIP-Seq. G4 binding represents in vitro
binding of the purified protein to the G4 DNA. (B) Schematic drawing of the functional segments of fission yeast Rif1 protein
determined in this study. Among the three conserved armadillo/HEAT repeat segments (shown by double-arrowed bars) identified by
using the “SUPERFAMILY” search method, the longest armadillo/HEAT repeat (aa 114 to 514) largely overlaps the Rif1 core sequence,
the segment showing the highest conservation from yeast to human. Two novel mutations of rif1 that impair origin suppression
activity are shown. The conserved RLQRAILSR (aa 1390 to 1398) sequences, important for G4 binding and multimerization, are
indicated. Deletion of either N-terminal (Δ1-442; aa 443 to 1400) or C-terminal (Δ966-1400; aa 1 to 965) sequence led to complete loss
of origin suppression activity. Deletion of the C-terminal 140 amino acids (aa 1 to 1260) also led to partial but significant loss of origin
suppression and chromatin binding.
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significantly reduced chromatin binding at Rif1BS (20% to 25% at the Rif1BS arm and
less than 10% at telomeres) (Fig. 1E). The N-terminal 442 amino acids contain PP1
binding sites (KVNF-GILK; present at aa 40 to 67), known to be essential for origin
suppression; thus, loss of origin suppression in Rif1(aa443-1400) is likely to be caused
by its inability to recruit PP1. However, R236H mutation, located in the conserved HEAT
repeat and not expected to affect PP1 recruitment, impairs origin suppression, sup-
porting the role of the N-terminal HEAT repeat in origin suppression. The HEAT repeats,
which are required for telomere and Rif1BS arm binding, as shown above, are required
for localization of Rif1 at DSB in mammalian cells as well (32). Thus, diverse cellular roles
of Rif1 depend on the conserved N-terminal HEAT repeats. Results described above
indicate the functional significance of G4 binding mediated by both N-terminal (HEAT
domain delineated to 444 aa) and C-terminal (delineated to 229 aa) segments of Rif1
in its origin suppression activity. The combined actions of the two domains may
generate a nucleoprotein complex required for replication timing regulation.

How does Rif1 contribute to the formation of chromatin architecture that is
suppressive for origin activation? Quantitative analyses of Rif1 binding to G4 suggest
a single molecule of the C-terminal G4 binding polypeptide binds to a single molecule
of G4 (Fig. 6). In contrast, a single molecule of the full-length Rif1 protein appears to
interact with multiple molecules of G4 DNA. Furthermore, the N-terminal polypeptide
containing HEAT repeats (aa 1 to 1023) is capable of binding to multiple molecules of
G4, albeit with reduced stoichiometry compared to that of the full-length version. We
speculate that each subunit of the full-length Rif1 protein interacts with multimerized
G4 through its C-terminal G4 binding domain and the shepherd’s crook-shaped
N-terminal HEAT repeats, which may be interacting with those from the adjacent
assembly of Rif1. The combined action of the two domains would lead to a stable
complex between Rif1 and G4 multimers. Rif1 forms a multimer through its C-terminal
domain, and each subunit would bind to the G4 multimers. The target G4s are derived
from the Rif1BS on the genome, which we speculate would interact with each other to
form G4 multimers. The chromatin fibers between the Rif1BS would be looped out to
generate specific chromatin architecture that would be essential for proper replication
timing regulation (Fig. 9).

Point mutants of Rif1 capable of bypassing Hsk1 suggest the presence of
additional interfaces required for its origin suppression activity. We took advan-
tage of the abovementioned rif1Δ genotype to isolate novel mutants. Selection of
viable hsk1-89 cells at 30°C after mutagenesis of the rif1 gene led to identification of 6
mutants that can suppress the hsk1 mutation (Fig. S8). Mutants generally contained
multiple amino acid changes. After separating each mutation, we came up with two
mutations, L848S and R236H, each of which is responsible for Hsk1 bypass (Fig. 7).
L848S does not bind to Rif1BS or telomere in vivo, whereas R236H retains full binding
activity (Fig. 7B). L848S also is defective in telomere regulation, but R236H is mostly
proficient in telomere regulation (Fig. 7D). PP1 recruitment may not be affected in
either mutant, since PP1 binding sites are intact.

The L848S mutant lost origin suppression and telomere regulation activities, prob-
ably due to its inability to bind to chromatin. It is not clear how L848S mutation affects
chromatin binding of Rif1. The purified L848S protein binds to G4 as efficiently and
selectively as the wild-type protein in vitro (data not shown), suggesting that G4
binding alone is not sufficient for chromatin binding of Rif1 in vivo. Stable binding of
Rif1 to chromatin requires not only G4 binding but also some other unknown factors
that may be affected by the L848S mutation. The R236H mutation does not affect the in
vivo chromatin binding but is partially defective in origin suppression. In vitro, the
R236H mutation does not affect DNA binding activity of the full-length or of the
N-terminal polypeptide (data not shown). Thus, chromatin binding is not sufficient for
origin suppression, and some other factors that interact with R236 would be required.
Alternatively, a part of the HEAT motif structure may be partially disrupted by the
mutation, which is located in the middle of the most conserved sequences. Both L848
and R236H are within the segments that are conserved in fission yeast species (data not
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shown); thus, they may constitute unknown functional interfaces required for the
functions of Rif1. Further biochemical and genetic analyses of the mutants would be
required to clarify how Rif1 binds to chromatin and regulates chromatin architecture.

MATERIALS AND METHODS
Medium for Schizosaccharomyces pombe. YES medium, containing 0.5% yeast extract, 3% glucose,

and 0.1 mg/ml each of adenine, uracil, leucine, lysine, and histidine, was used for cell culture, and YES
plates were made by adding 2% agar to YES medium. G418 (0.2 mg/ml) was added to YES medium for
selection of KanMX. For 5-fluoroorotic acid (5-FOA) selection, 0.1 mg/ml 5-FOA was added to medium
containing 6.3 g/liter synthetic dextrose minimal medium (SD), 2% glucose, and 0.1 mg/ml each of
adenine, uracil, and leucine. Yeast strains used in this study are listed in Table 1.

Antibodies. The antibodies used were M2 (F1804; Sigma-Aldrich) and anti-DDDDK tag monoclonal
antibody (FLA-1; MBL). Anti-fission yeast Rif1 antibody was previously reported (45).

Genetic manipulations for construction of truncation mutants of Rif1. First, a plasmid containing
5=UTR-Rif1-His6-Flag10-kanMX-3=UTR sequences was constructed. With the inverse PCR on this plasmid
and In-Fusion reaction (TaKaRa Bio Inc.), plasmids carrying 5=UTR-Rif1 (with a truncation)-His6-Flag10-
kanMX-3=UTR sequences were generated. DNA fragments containing 5=UTR-Rif1 (with or without a
truncation)-His6-Flag10-kanMX-3=UTR sequences were used to generate tagged wild-type rif1 or rif1
truncation mutants at the endogenous rif1 locus of the wild-type or hsk1-89 cells (see Fig. S8 in the
supplemental material).

FIG 9 Model of how Rif1 protein organizes chromatin fibers. (A) A single C-terminal G4 binding domain
polypeptide binds to a single molecule of G4. (Left) At lower concentration, it selectively binds to
multimerized G4, resulting in more than one molecule of G4 bound to a single C-terminal polypeptide.
Only a monomer of an oligomeric Rif1 C-terminal polypeptide is depicted. (Right) Each monomer of an
oligomeric C-terminal polypeptide (depicted as an octamer in this figure) can bind to a single G4
molecule. At a higher concentration of the C-terminal polypeptide in vitro, G4 binds to low-molecular-
weight G4s (such as dimers or trimers), resulting in fewer than one molecule of G4 per molecule of the
C-terminal polypeptide on average. (B) The presence of the N-terminal HEAT motif increases the affinity
to G4 and the stoichiometry of interacting G4 molecules per Rif1 molecule. (Left) In the presence of the
N-terminal HEAT repeats, Rif1 may make additional interactions through the N-terminal domain, causing
a single molecule of Rif1 to interact with multiple G4 molecules. Rif1 is drawn as a dimer for simplicity.
(Center) Oligomer formation (octamer) of the C-terminal G4 binding domain generates the Rif1 bead
structure. The portion indicated by a bracket represents a putative octameric Rif1 molecule. (Right)
Oligomerized Rif1 (octamer) may interact with multiple chromatin fibers through G4 binding, generating
chromatin loops that may constitute replication-inhibitory chromatin domains. Here, we speculate that
G4 generated in the intergenic segments on the genome interact with each other, generating multim-
erized G4, which contributes to the formation of chromatin loops.
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Strategy for isolation of rif1 mutants that bypass Hsk1 function. Deletion of Rif1(Δaa21-1400) in
the hsk1-89 background was generated by integration of the ura4� gene into the Rif1 coding frame.
Random mutagenesis was conducted on the Rif1 gene by PCR-based mutagenesis. The Rif1 gene
segment containing both 5= and 3= untranslated regions (UTR) was amplified by PCR with Ex Taq
polymerase (TaKaRa Bio) and a primer set (5=-GGATGTTCGTATCGTATATACTG-3= and 5=-TACCACACAAC
ATCGCAAGCT-3=) in the presence of 80 �M manganese. The constructed mutation library of Rif1 was
used to replace the rif1(Δ21-1400aa)::ura4� site. The cells with mutated rif1 were isolated by selection at
30°C, the restrictive temperature of hsk1-89, in the presence of 5-FOA. Expression of the full-length Rif1
in each candidate clone was confirmed by Western blotting with anti-fission yeast Rif1 antibody. The
genomic DNA was isolated from the candidate mutant strains expressing full-length Rif1, and mutations
were identified by direct sequencing of the entire Rif1 coding frame (Fig. S8).

ChIP-qPCR. Synchronization and ChIP were conducted as previously described (45).
Expression and purification of fission yeast Rif1 protein and its derivatives. N-terminally His6-

and C-terminally Flag3-tagged Rif1 protein or its derivatives were cloned into ver3-4 vector, expressed in
293T cells, and purified as previously described (50). The biological functions of Rif1 are not impaired by
the addition of the two tags (data not shown). C-terminal polypeptides were expressed in Escherichia coli
as well. The coding frame was cloned into pT7-7/QE30 (in which RGS-His6 tag sequence from the pQE-30
vector was inserted into the pT7-7 vector containing T7 promoter [51]) to generate N-terminal RGS-His6

fusion polypeptides. The proteins were purified with a nickel column and further purified with a Mono
Q column, if necessary.

G4 DNA and Rif1BS DNA. The G4 oligonucleotide used in the assays was T6G24 and the control
non-G4 oligonucleotide was T6(GA)12; they were oligonucleotide purification cartridge (OPC) column
purified and further purified by PAGE containing 8 M urea before use. Oligonucleotides and duplex DNA
were heat denatured at 98°C for 3 min and gradually cooled down to room temperature in 50 mM KCl
and 40% PEG 200 (52, 53). In some experiments, oligonucleotides were heat denatured and cooled down
in 60 mM cacodylate buffer with 60 mM KCl.

Analyses of DNA and proteins on polyacrylamide gels. DNA, heat denatured in formamide
containing 5 mM EDTA, was analyzed on PAGE containing 8 M urea. Regular DNA was analyzed in PAGE
containing 10% glycerol in 0.5� Tris-borate-EDTA (TBE).

Gel shift assays. Labeled DNA fragments or cold DNA fragments were mixed with purified proteins
in reaction mixtures (10 �l or 20 �l) containing 40 mM HEPES-KOH (pH 7.6), 50 mM KCl, 1 mM EDTA, 10%
glycerol, and 0.01% Triton X-100 with 0.25 pmol of 32P-labeled and heat-denatured T6G24 DNA. In some
assays, 2.5 pmol of the same G4 DNA was used in the 10-�l assay mixtures. After incubation at room
temperature for 30 min, the reaction mixtures were directly applied onto a polyacrylamide gel prepared
in 1� TBE, 50 mM KCl, and 40% PEG 200 or on those prepared in 1� TBE, 50 mM KCl, and 10% PEG 200
in 1� TBE plus 50 mM KCl. In competition assays, labeled DNA and competitor DNA, which were
separately heat denatured and reannealed, were premixed, and proteins were added last. The sequences
of competitor DNAs are from reference 48 and also are described in Table S3 of reference 45. All of the

TABLE 1 Fission yeast strains used in this studya

Strain Genotype Source

YM71 h– leu1-32 ura4-D18 Our stock
KO147 h– leu1-32 ura4-D18 hsk1-89:ura4� Our stock
FY14160 h– leu1-32 ura4-D18 rif1Δ::ura4� NBRPb

KYP1316 h– leu1-32 ura4-D18 hsk1-89–Flag3:kanR rif1Δ::ura4� This study
KYP1261 h– nda3-KM311 leu1-32 ura4-D18 AUR1:aur1r-Adh1-TK-Adh1-ENT1 Rif1-His6-Flag10:kanR Our stock
KYP1262 h– nda3-KM311 leu1-32 ura4-D18 AUR1:aur1r-Adh1-TK-Adh1-ENT1 rif1(aa1-1260)-His6-Flag10:kanR This study
KYP1263 h– nda3-KM311 leu1-32 ura4-D18 AUR1:aur1r-Adh1-TK-Adh1-ENT1 rif1(aa1-965)-His6-Flag10:kanR This study
KYP1264 h– nda3-KM311 leu1-32 ura4-D18 AUR1:aur1r-Adh1-TK-Adh1-ENT1 rif1(aa1-442)-His6-Flag10:kanR This study
KYP1267 h– nda3-KM311 leu1-32 ura4-D18 AUR1:aur1r-Adh1-TK-Adh1-ENT1 rif1(aa443-1400)-His6-Flag10:kanR This study
KYP1311 h– nda3-KM311 leu1-32 ura4-D18 AUR1:aur1r-Adh1-TK-Adh1-ENT1 Rif1-His6-Flag10:kanR hsk1-89:ura4� This study
KYP1312 h– nda3-KM311 leu1-32 ura4-D18 AUR1:aur1r-Adh1-TK-Adh1-ENT1 rif1(aa1-1260)-His6-Flag10:kanR hsk1-89:ura4� This study
KYP1313 h– nda3-KM311 leu1-32 ura4-D18 AUR1:aur1r-Adh1-TK-Adh1-ENT1 rif1(aa1-965)-His6-Flag10:kanR hsk1-89:ura4� This study
KYP1314 h– nda3-KM311 leu1-32 ura4-D18 AUR1:aur1r-Adh1-TK-Adh1-ENT1 rif1(aa1-442)-His6-Flag10:kanR hsk1-89:ura4� This study
KYP1315 h– nda3-KM311 leu1-32 ura4-D18 AUR1:aur1r-Adh1-TK-Adh1-ENT1 rif1(aa443-1400)-His6-Flag10:kanR hsk1-89:ura4� Our stock
KYP1328 h� nda3-KM311 leu1-32 ura4-D18 AUR1:aur1r-Adh1-TK-Adh1-ENT1 rif1(aa21-1400�)::ura4� This study
KYP1601 h– nda3-KM311 leu1-32 ura4-D18 rif1(T557A, S1024N, S1063P)-His6-Flag10:kanR AUR1:aur1r-Adh1-TK-Adh1-ENT1 This study
KYP1602 h� nda3-KM311 leu1-32 ura4-D18 rif1(Q16R, A352T, S1361P)-His6-Flag10:kanR AUR1:aur1r-Adh1-TK-Adh1-ENT1 This study
KYP1603 h– nda3-KM311 leu1-32 ura4-D18 rif1(R236H)-His6-Flag10:kanR AUR1:aur1r-Adh1-TK-Adh1-ENT1 This study
KYP1604 h� nda3-KM311 leu1-32 ura4-D18 rif1(L848S, T865A)-His6-Flag10:kanR AUR1:aur1r-Adh1-TK-Adh1-ENT1 This study
KYP1605 h– nda3-KM311 leu1-32 ura4-D18 rif1(S707P, D731G, I778V, V1265A)-His6-Flag10:kanR AUR1:aur1r-Adh1-TK-Adh1-ENT1 This study
KYP1607 h� nda3-KM311 leu1-32 ura4-D18 rif1(E9G, K635R, S1202G)-His6-Flag10:kanR AUR1:aur1r-Adh1-TK-Adh1-ENT1 This study
KYP1608 h� nda3-KM311 leu1-32 ura4-D18 rif1L848S-His6-Flag10 AUR1:aur1r-Adh1-TK-Adh1-ENT1 This study
KYP1609 h� nda3-KM311 leu1-32 ura4-D18 rif1T865A-His6-Flag10 AUR1:aur1r-Adh1-TK-Adh1-ENT1 This study
KYP1610 h� nda3-KM311 leu1-32 ura4-D18 rif1R236H-His6-Flag10 AUR1:aur1r-Adh1-TK-Adh1-ENT1 This study
aDouble colons are used to indicate that the gene of interest is disrupted by insertion of the marker appearing after the double colon. Single colons are used to
indicate that the gene of interest is linked to the marker appearing after the single colon.

bNBRP, National Bioresource Project.
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DNA binding assays were conducted twice or more with similar results, and representative data are
shown in the main figures (additional sets of the data for gel shift assays presented in main figures are
shown in Fig. S1, S2, S5, and S6).

Pulldown assays. Ten picomoles of biotinylated T6G24 or T6(GA)12 oligonucleotide and purified
SpRif1 derivative polypeptides, as indicated, was mixed in 200 �l of 40 mM HEPES-KOH (pH 7.6), 50 mM
KCl, 1 mM EDTA, 10% glycerol, 1 mM dithiothreitol, and 0.01% Triton X-100 and incubated at room
temperature for 30 min. After addition of 10 �l of streptavidin Dynabeads (M-280), equilibrated in the
buffer described above, biotinylated oligonucleotides were pulled down, washed with 500 �l of binding
buffer three times, resuspended in 20 �l of 1 � SDS-PAGE sample buffer, boiled at 96°C for 1 min, and
analyzed by 5% to 20% gradient SDS-PAGE, followed by Western analyses with anti-Flag antibody.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/MCB

.00364-18.
SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.

ACKNOWLEDGMENTS
We thank members of our laboratory for helpful discussion. We thank Motoshi

Hayano for conducting the Southern blot analyses shown in Fig. 1F.
This work was supported by JSPS KAKENHI (Grant-in-Aid for Scientific Research [A],

no. 17H01418 and 26251004, and Grant-in-Aid for Scientific Research on Priority Areas
[noncoding RNA and Genome Adaptation], no. 26114723 and 25125724, to H.M.,
Grant-in-Aid for Scientific Research [C], no. 24570205, to S.M., and Grant-in-Aid for
Scientific Research [C], no. JP16K07456, to R.F.), by the Naito Foundation Continuation
Subsidy for Outstanding Projects (to H.M.), and by the Uehara Memorial Foundation (to
H.M.).

S.K., R.F., and H.M. constructed, expressed, and purified the mutant and full-length
fission yeast Rif1 proteins, conducted various DNA binding analyses, and analyzed them
biochemically. Y.K. and S.M. conceived and conducted genetic analyses of Rif1. N.K.
conducted gel shift assays and analyzed data. S.C. gave advice on experiments. H.M.
conceived and designed the experiments and wrote the paper.

REFERENCES
1. Masai H, Matsumoto S, You Z, Yoshizawa-Sugata N, Oda M. 2010. Eukaryotic

chromosome DNA replication: where, when, and how? Annu Rev Biochem
79:89–130. https://doi.org/10.1146/annurev.biochem.052308.103205.

2. Pope BD, Ryba T, Dileep V, Yue F, Wu W, Denas O, Vera DL, Wang Y,
Hansen RS, Canfield TK, Thurman RE, Cheng Y, Gülsoy G, Dennis JH,
Snyder MP, Stamatoyannopoulos JA, Taylor J, Hardison RC, Kahveci T,
Ren B, Gilbert DM. 2014. Topologically associating domains are stable
units of replication-timing regulation. Nature 515:402– 405. https://doi
.org/10.1038/nature13986.

3. Rivera-Mulia JC, Gilbert DM. 2016. Replication timing and transcriptional
control: beyond cause and effect-part III. Curr Opin Cell Biol 40:168 –178.
https://doi.org/10.1016/j.ceb.2016.03.022.

4. Masai H, Miyake T, Arai K. 1995. hsk1�, a Schizosaccharomyces pombe
gene related to Saccharomyces cerevisiae CDC7 kinase, is required for
chromosomal replication. EMBO J 14:3094 –3104.

5. Masai H, Taniyama C, Ogino K, Matsui E, Kakusho N, Matsumoto S, Kim
J-M, Ishii A, Tanaka T, Kobayashi T, Tamai K, Ohtani K, Arai K. 2006.
Phosphorylation of MCM4 by Cdc7 kinase facilitates its interaction with
Cdc45 on the chromatin. J Biol Chem 281:39249 –32961. https://doi.org/
10.1074/jbc.M608935200.

6. Hayano M, Kanoh Y, Matsumoto S, Kakusho N, Masai H. 2011. Pre-firing
binding of Mrc1 defines the early-firing origins which are selectively
hyper-activated upon loss of fork stabilizing factors in fission yeast. Mol
Cell Biol 31:2380 –2389. https://doi.org/10.1128/MCB.01239-10.

7. Matsumoto S, Hayano M, Kanoh Y, Masai H. 2011. Multiple pathways can
bypass the essential role of fission yeast Hsk1 kinase in DNA replication
initiation. J Cell Biol 195:387–401. https://doi.org/10.1083/jcb.201107025.

8. Hayano M, Kanoh Y, Matsumoto S, Renard-Guillet C, Shirahige K,
Masai H. 2012. Rif1 is a global regulator of timing of replication origin
firing in fission yeast. Genes Dev 26:137–150. https://doi.org/10.1101/
gad.178491.111.

9. Yamazaki S, Ishii A, Kanoh Y, Oda M, Nishito Y, Masai H. 2012. Rif1

regulates the replication timing domains on the human genome. EMBO
J 31:3667–3677. https://doi.org/10.1038/emboj.2012.180.

10. Cornacchia D, Dileep V, Quivy JP, Foti R, Tili F, Santarella-Mellwig R,
Antony C, Almouzni G, Gilbert DM, Buonomo SB. 2012. Mouse Rif1 is a
key regulator of the replication-timing programme in mammalian cells.
EMBO J 31:3678 –3690. https://doi.org/10.1038/emboj.2012.214.

11. Peace JM, Ter-Zakarian A, Aparicio OM. 2014. Rif1 regulates initiation
timing of late replication origins throughout the S. cerevisiae genome.
PLoS One 9:e98501. https://doi.org/10.1371/journal.pone.0098501.

12. Yamazaki S, Hayano M, Masai H. 2013. Replication timing regulation of
eukaryotic replicons: Rif1 as a global regulator of replication timing.
Trends Genet 29:449 – 460. https://doi.org/10.1016/j.tig.2013.05.001.

13. Foti R, Gnan S, Cornacchia D, Dileep V, Bulut-Karslioglu A, Diehl S, Buness
A, Klein FA, Huber W, Johnstone E, Loos R, Bertone P, Gilbert DM, Manke
T, Jenuwein T, Buonomo SCB. 2016. Nuclear architecture organized by
Rif1 underpins the replication-timing program. Mol Cell 61:260 –273.
https://doi.org/10.1016/j.molcel.2015.12.001.

14. Hardy CFJ, Sussel L, Shore D. 1992. A RAP1-interacting protein involved
in silencing and telomere length regulation. Genes Dev 6:801– 814.
https://doi.org/10.1101/gad.6.5.801.

15. Kanoh J, Ishikawa F. 2001. spRap1 and spRif1, recruited to telomeres by
Taz1, are essential for telomere function in fission yeast. Curr Biol
11:1624 –1630.

16. Marcand S, Gilson E, Shore D. 1997. A protein-counting mechanism for
telomere length regulation in yeast. Science 275:986 –990.

17. Wotton D, Shore D. 1997. A novel Rap1p-interacting factor, Rif2p, coop-
erates with Rif1p to regulate telomere length in Saccharomyces cerevi-
siae. Genes Dev 11:748 –760.

18. Bonetti D, Clerici M, Anbalagan S, Martina M, Lucchini G, Longhese MP.
2010. Shelterin-like proteins and Yku inhibit nucleolytic processing of
Saccharomyces cerevisiae telomeres. PLoS Genet 6:e1000966. https://doi
.org/10.1371/journal.pgen.1000966.

Kobayashi et al. Molecular and Cellular Biology

February 2019 Volume 39 Issue 4 e00364-18 mcb.asm.org 18

https://doi.org/10.1128/MCB.00364-18
https://doi.org/10.1128/MCB.00364-18
https://doi.org/10.1146/annurev.biochem.052308.103205
https://doi.org/10.1038/nature13986
https://doi.org/10.1038/nature13986
https://doi.org/10.1016/j.ceb.2016.03.022
https://doi.org/10.1074/jbc.M608935200
https://doi.org/10.1074/jbc.M608935200
https://doi.org/10.1128/MCB.01239-10
https://doi.org/10.1083/jcb.201107025
https://doi.org/10.1101/gad.178491.111
https://doi.org/10.1101/gad.178491.111
https://doi.org/10.1038/emboj.2012.180
https://doi.org/10.1038/emboj.2012.214
https://doi.org/10.1371/journal.pone.0098501
https://doi.org/10.1016/j.tig.2013.05.001
https://doi.org/10.1016/j.molcel.2015.12.001
https://doi.org/10.1101/gad.6.5.801
https://doi.org/10.1371/journal.pgen.1000966
https://doi.org/10.1371/journal.pgen.1000966
https://mcb.asm.org


19. Anbalagan S, Bonetti D, Lucchini G, Longhese MP. 2011. Rif1 supports
the function of the CST complex in yeast telomere capping. PLoS Genet
7:e1002024. https://doi.org/10.1371/journal.pgen.1002024.

20. Xue Y, Rushton MD, Maringele L. 2011. A novel checkpoint and RPA
inhibitory pathway regulated by Rif1. PLoS Genet 7:e1002417. https://
doi.org/10.1371/journal.pgen.1002417.

21. Ribeyre C, Shore D. 2012. Anticheckpoint pathways at telomeres in yeast.
Nat Struct Mol Biol 19:307–313. https://doi.org/10.1038/nsmb.2225.

22. Xue Y, Marvin ME, Ivanova IG, Lydall D, Louis EJ, Maringele L. 2016. Rif1
and Exo1 regulate the genomic instability following telomere losses.
Aging Cell 15:553–562. https://doi.org/10.1111/acel.12466.

23. Miller KM, Ferreira MG, Cooper JP. 2005. Taz1, Rap1 and Rif1 act both
interdependently and independently to maintain telomeres. EMBO J
24:3128 –3135. https://doi.org/10.1038/sj.emboj.7600779.

24. Castaño I, Pan SJ, Zupancic M, Hennequin C, Dujon B, Cormack BP. 2005.
Telomere length control and transcriptional regulation of subtelomeric
adhesins in Candida glabrata. Mol Microbiol 55:1246 –1258. https://doi
.org/10.1111/j.1365-2958.2004.04465.x.

25. Rosas-Hernández LL, Juárez-Reyes A, Arroyo-Helguera OE, De Las Peñas
A, Pan SJ, Cormack BP, Castaño I. 2008. yKu70/yKu80 and Rif1 regulate
silencing differentially at telomeres in Candida glabrata. Eukaryot Cell
7:2168 –2178. https://doi.org/10.1128/EC.00228-08.

26. Silverman J, Takai H, Buonomo SB, Eisenhaber F, de Lange T. 2004.
Human Rif1, ortholog of a yeast telomeric protein, is regulated by ATM
and 53BP1 and functions in the S-phase checkpoint. Genes Dev 18:
2108 –2119. https://doi.org/10.1101/gad.1216004.

27. Buonomo SB, Wu Y, Ferguson D, de Lange T. 2009. Mammalian Rif1
contributes to replication stress survival and homology-directed repair.
J Cell Biol 187:385–398. https://doi.org/10.1083/jcb.200902039.

28. Dan J, Liu Y, Liu N, Chiourea M, Okuka M, Wu T, Ye X, Mou C, Wang L,
Wang L, Yin Y, Yuan J, Zuo B, Wang F, Li Z, Pan X, Yin Z, Chen L, Keefe
DL, Gagos S, Xiao A, Liu L. 2014. Rif1 maintains telomere length homeo-
stasis of ESCs by mediating heterochromatin silencing. Dev Cell 29:7–19.
https://doi.org/10.1016/j.devcel.2014.03.004.

29. Xu D, Muniandy P, Leo E, Yin J, Thangavel S, Shen X, Ii M, Agama K, Guo
R, Fox D, Meetei AR, Wilson L, Nguyen H, Weng N-p, Brill SJ, Li L, Vindigni
A, Pommier Y, Seidman M, Wang W. 2010. Rif1 provides a new DNA-
binding interface for the Bloom syndrome complex to maintain normal
replication. EMBO J 29:3140 –3155. https://doi.org/10.1038/emboj.2010
.186.

30. Chapman JR, Barral P, Vannier JB, Borel V, Steger M, Tomas-Loba A,
Sartori AA, Adams IR, Batista FD, Boulton SJ. 2013. RIF1 is essential for
53BP1-dependent nonhomologous end joining and suppression of DNA
double-strand break resection. Mol Cell 49:858 – 871. https://doi.org/10
.1016/j.molcel.2013.01.002.

31. Di Virgilio M, Callen E, Yamane A, Zhang W, Jankovic M, Gitlin AD,
Feldhahn N, Resch W, Oliveira TY, Chait BT, Nussenzweig A, Casellas R,
Robbiani DF, Nussenzweig MC. 2013. Rif1 prevents resection of DNA
breaks and promotes immunoglobulin class switching. Science 339:
711–715. https://doi.org/10.1126/science.1230624.

32. Escribano-Díaz C, Orthwein A, Fradet-Turcotte A, Xing M, Young JT, Tkáč
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