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Initiation of eukaryotic chromosome replication follows a spatiotemporal program. The current model suggests
that replication origins compete for a limited pool of initiation factors. However, it remains to be answered how
these limiting factors are preferentially recruited to early origins. Here, we report that Dbf4 is enriched at early
origins through its interaction with forkhead transcription factors Fkh1 and Fkh2. This interaction is mediated by
the Dbf4 C terminus and was successfully reconstituted in vitro. An interaction-defective mutant, dbf4ΔC, phe-
nocopies fkh alleles in terms of origin firing. Remarkably, genome-wide replication profiles reveal that the direct
fusion of the DNA-binding domain (DBD) of Fkh1 to Dbf4 restores the Fkh-dependent origin firing but interferes
specificallywith the pericentromeric origin activation. Furthermore, Dbf4 interacts directly with Sld3 and promotes
the recruitment of downstream limiting factors. These data suggest that Fkh1 targets Dbf4 to a subset of noncen-
tromeric origins to promote early replication in a manner that is reminiscent of the recruitment of Dbf4 to peri-
centromeric origins by Ctf19.

[Keywords: DNA replication timing; limiting factors; Dbf4; forkhead transcription factor]

Supplemental material is available for this article.

Received August 28, 2017; revised version accepted November 30, 2017.

In all eukaryotic cells, chromosome replication initiates
at a large number of origins ranging from ∼500 in yeast
to 50,000 in human. Interestingly, origins do not fire
simultaneously but follow a well-defined timing program
(Raghuraman et al. 2001; Rhind andGilbert 2013; Yoshida
et al. 2013; Fragkos et al. 2015). Despite its significance for
gene expression, chromatin structure, genome stability,
cell development, differentiation, and gene evolution
(Gondor and Ohlsson 2009; Gilbert et al. 2010; Dileep
et al. 2015), our knowledge of replication timing establish-
ment still remains limited.
Initiation of eukaryotic DNA replication consists of at

least two steps (Remus and Diffley 2009; Masai et al.
2010; Bell and Kaguni 2013; Li and Araki 2013). First,
from late M to G1 phase, two hexameric DNA helicase
Mcm2–7 rings are assembled into the prereplication com-

plex (pre-RC) at each origin (Duzdevich et al. 2015; Ticau
et al. 2015). Second, Sld3, Sld7, and Cdc45 are recruited to
the pre-RC and assembled into the Cdc45–MCM–Sld3
(CMS) complex relying on MCM phosphorylation by
Dbf4-dependent kinase (DDK) (Labib 2010; Heller et al.
2011; Tanaka et al. 2011; Deegan et al. 2016; Fang et al.
2016). Subsequently, the S-phase cyclin-dependent kinas-
es (S-CDKs) phosphorylate Sld3 and Sld2 to stimulate
their interactions with Dbp11, which leads to assembly
of the preinitiative complex (pre-IC) containing GINS
and DNA polymerase ε (Tanaka et al. 2007; Zegerman
and Diffley 2007; Muramatsu et al. 2010).
A key step in determining origin firing is the origin as-

sociation of Sld3 and Cdc45, which is a prerequisite of
the pre-RC-to-pre-IC transition (Kamimura et al. 2001;
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Kanemaki and Labib 2006). Interestingly, Sld3 and Cdc45
are available in limiting amounts relative to the total
number of origins in budding yeast. Overexpression of
these limiting factors often results in advanced firing of
some late origins (Mantiero et al. 2011; Tanaka et al.
2011; Douglas and Diffley 2012). Sld3 and Cdc45 are
also found to be enriched at early origins in a DDK-depen-
dent manner (Heller et al. 2011; Tanaka et al. 2011). The
direct target of DDK is Mcm2–7, which alleviates its
self-inhibition (Sheu and Stillman 2010; Sheu et al.
2016). DDK-catalyzed Mcm2–7 phosphorylation is a pre-
requisite of Cdc45 and Sld3 loading both in vitro and in
vivo (Heller et al. 2011; Tanaka et al. 2011; Deegan et al.
2016; Fang et al. 2016).

In this study, we identified direct interactions between
the regulatory DDK subunit Dbf4 and two forkhead
transcription factors, Fkh1 and Fkh2. Both chromatin
immunoprecipitation (ChIP) and in vitro reconstitution
demonstrate that the preferential recruitment of Dbf4 to
a subset of early origins depends on Fkh. A dbf4 mutant
devoid of the Fkh interaction domain (dbf4ΔC) delays ear-
ly origin firing, mimicking fkh mutations or deletion of
the Fkh-binding sites (FBSs). Importantly, the role of
Fkh1 in replication timing regulation can be bypassed by
directly fusing Dbf4 with the DNA-binding domain
(DBD; also called forkhead) of Fkh1. However, such a fu-
sion selectively abolishes the origin firing at centromeric
(CEN) regions due to the interference of Ctf19-mediated
Dbf4 recruitment. Moreover, origin-associated Dbf4 pro-
motes the recruitment of downstream Sld3–Cdc45 limit-
ing factors through direct interaction with Sld3. These
findings elucidate the molecular underpinnings of selec-
tive recruitment of limiting factors via forkhead transcrip-
tion factors in determining the replication timing program
at non-CEN regions.

Results

Fkh1/2 are necessary and sufficient to selectively recruit
Dbf4 to early origins

To gain insight into the mechanism of selective associa-
tion of limiting initiation factors at early origins, we
performed a yeast two-hybrid screen to identify the puta-
tive interacting partners of Dbf4 given its crucial role in
helicase activation and origin firing (Jackson et al. 1993;
Dowell et al. 1994; Bousset and Diffley 1998; Labib
2010; Tanaka et al. 2011; Ramer et al. 2013; Deegan
et al. 2016; Fang et al. 2016). Besides the DDK kinase sub-
unit Cdc7, two transcription factors, Fkh1 and Fkh2, dis-
played robust interaction with Dbf4 (Fig. 1A). It is
noteworthy that Fkh did not interact with other limiting
factors such as Sld3, Sld7, and Cdc45. Fkh1 and Fkh2 are
highly conserved forkhead box transcription factors that
were reported recently to be important for determining
early initiation of a subset of origins containing FBSs
(Knott et al. 2012; Peace et al. 2016). However, their exact
role in DNA replication has not yet been determined.

To investigatewhether the Dbf4–Fkh interactions iden-
tified here contribute to the establishment of replication

timing, we carried out three sets of experiments. First,
we corroborated the Dbf4–Fkh1 interaction with immu-
noprecipitation. For this purpose, DBF4 and FKH1 genes
were tagged at their endogenous loci. Dbf4-13MYC was
immunoprecipitated with an anti-MYC antibody and de-
tected by Western blotting following SDS-PAGE. As
shown in Figure 1B, a significant amount of Fkh1-3HA
was detected in the precipitates of Dbf4-13MYC. Recipro-
cally, Dbf4 coprecipitated with Fkh1 in an independent
immunoprecipitation experiment (Fig. 1C, lane 9). These
results verified the physical association betweenDbf4 and
Fkh1 in vivo.

Second, we investigated the impact of Fkh–Dbf4 inter-
action on the enrichment of Dbf4 at origins during G1

phase using ChIP. Yeast cells with the endogenous Dbf4
carrying a 6HA epitope tag were grown and arrested
with α factor in G1 phase, which is the stage of the cell cy-
cle when the timing of origin activation has been deter-
mined (Wu and Gilbert 1996; Raghuraman et al. 1997;
Gilbert et al. 2010). In agreement with earlier studies
(Pasero et al. 1999; Katou et al. 2006; Natsume et al.
2013), Dbf4 was significantly enriched at early origins as
FBS+ ARS305 and ARS607 compared with late origins as
FBS− ARS603 (Fig. 1D). Strikingly, such enrichment of
Dbf4 was reduced in fkh1Δ mutants and almost disap-
peared when combined with the loss of the Fkh2 C termi-
nus (amino acids 584–862), which mediates a partially
redundant role for Fkh1 in replication timing (Knott
et al. 2012). In contrast, there was no apparent change in
the enrichment of Orc2 and Mcm2 at ARS305 in the ab-
sence of Fkh1 (Fig. 1E), indicating that Fkh1 is unlikely
to be involved in the pre-RC assembly stage. These results
suggest that after pre-RC assembly, Fkh–Dbf4 interac-
tions might be important for preferentially targeting
Dbf4 to early origins in G1 phase.

Third, we asked whether Fkh1 is sufficient to recruit
Dbf4 to the FBS+ early origins. To this end, we labeled
an ARS DNA fragment with biotin (bio-ARS), which
was efficiently immobilized by streptavidin beads (Sup-
plemental Fig. S1A). Purified recombinant Fkh1 protein
(Supplemental Fig. S1B) was incubated with immobilized
ARS DNA (Fig. 1F). After three washes, bound fractions
were analyzed by Western blotting. As shown in Figure
1G, Fkh1 was able to bind to FBS+ ARS305 but not to
FBS− ARS316. When Dbf4 protein (Supplemental Fig.
S1C) was added to this in vitro recruitment system, no
bound fraction was detectable in either ARS305 or
ARS316 (Fig. 1H, lanes 6,8). This result indicates that
Dbf4 is not able to bind to ARS DNA per se. Therefore,
the association between Dbf4 and ARS identified previ-
ously by yeast one-hybrid assay and other methods likely
reflects an indirect one mediated by other proteins (Dow-
ell et al. 1994; Katou et al. 2006; Jones et al. 2010). This
turned out to be true; as shown in Figure 1H, Dbf4 prom-
inently coprecipitated with bio-ARS305 beads only when
Fkh1 was present (Fig. 1H, cf. lanes 5 and 6). To further
confirm the Fkh1-dependent recruitment, we constructed
an ARS305∗ with the FBSmutated. This mutation result-
ed in greatly decreased Fkh1 and barely detectable Dbf4
binding (Fig. 1H, lane 3). Association with late origins as
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ARS316 without FBS was not detectable either (Fig. 1H,
lane 9). Taken together, these data demonstrate that
Fkh1 is necessary and sufficient for selective Dbf4 loading
onto FBS+ early origins.

Dbf4 C terminus-mediated interaction with Fkh1/2
is important for early origin firing

Next, wemapped the interaction domains of Fkh1/2 with
Dbf4. Fkh1/2 bear a conserved FHA domain at their N ter-
mini and a forkhead domain (also known as theDBD; ami-
no acids 231–374) within their C termini (Supplemental
Fig. S2A). We first mutated a highly conserved arginine
(R80) residue to alanine within the FHA domain, which
often mediates protein–protein interactions (Li et al.
2012). Unexpectedly, R80A substitution did not interrupt
the Fkh1–Dbf4 interaction in yeast two-hybrid assays (Fig.
2A, top panel). When we split Fkh1 into two halves, both
the N and C halves showed positive interactions with
Dbf4, indicating that more than one site of Fkh1 are able

to bind Dbf4 (Fig. 2A, middle panel). If R80A mutation
was introduced in the N half, it abolished FkhN–Dbf4 in-
teraction (Fig. 2A, bottom panel), indicating that the FHA
domain is one of the interaction sites of Fkh1. FHA-medi-
ated association often shows bias to phosphorylated sub-
strates. Coincidently, Dbf4 has been reported to be
phosphorylated during the cell cycle in budding yeast
(Weinreich and Stillman 1999). To address the possibility
that phosphorylation of Dbf4 promotes interaction with
Fkh proteins, endogenous Dbf4 protein was purified
from yeast cells and treated with λ-phosphatase prior to
incubation with recombinant GST-Fkh1 protein. Fkh1
displayed a lower affinity to phosphatase-treated Dbf4
than to native Dbf4 (Fig. 2B, cf. lanes 6 and 5). This result
implicates that the Fkh–Dbf4 interaction might be regu-
lated in vivo.
Meanwhile, we used a similar strategy tomapwhich re-

gions in Dbf4 are involved in Fkh interaction (Fig. 2C).
Among a series of truncations, loss of the very C-terminal
50 amino acids in Dbf4 (Dbf4C; 656–704) resulted in

Figure 1. Fkh1/2 help to recruit Dbf4 onto early ori-
gins. (A) Both Fkh1 and Fkh2 forkhead transcription fac-
tors interact with Dbf4, but not other limiting firing
factors, in a yeast two-hybrid assay. The yeast cells ex-
pressing the indicated proteins were grown at 30°C on
either SC-W-L or SC-W-L-H plates. (B) Confirmation
of Fkh1–Dbf4 interaction through immunoprecipita-
tion. Dbf4 and Fkh1 were tagged with 13MYC and
3HA, respectively, at their genomic loci. Cell lysates
were precipitated with an anti-MYC antibody. (C )
Dbf4 coprecipitates with Fkh1 at their endogenous lev-
els. Fkh1 was precipitated through its 13MYC tag,
whereas the existence of Dbf4-5Flag in the precipitates
was blotted against anti-Flag. Protein bands marked by
an asterisk are cross-reactions. (IN) Input; (SN) superna-
tant. (D) Dbf4 is enriched at early origins in an Fkh1- and
Fkh2-dependent manner. Cells with endogenous Dbf4
carrying a 6HA tag were arrested in G1 phase with α fac-
tor. Whole-cell extracts were prepared and subjected to
ChIP as described in the Materials and Methods. (E)
Fkh1 is dispensable for pre-RC assembly. ChIP of
Orc2-3HA or Mcm2-3HA was conducted as described
in D. (F ) Schematic representation of the in vitro Dbf4
recruitment assay. Biotin-labeled ARS (bio-ARS) DNA
fragmentswere immobilized to streptavidin beads. Puri-
fied recombinant Fkh1 and Dbf4 proteins were incubat-
ed with immobilized bio-ARS. After beingwashed three
times, specifically bound fractions were detected by
Western blotting. (G) Fkh1 binds toARS305 (which con-
tains FBSs) but notARS605 (which does not). (H) In vitro
reconstitution of Dbf4 recruitment to early origin
ARS305. ARS305∗ (an ARS305 devoid of FBS), ARS316
(a late origin), and ARS305 with or without biotin label
were used as controls.

Fkh1/2 target Dbf4–Sld3–Cdc45 to early origins
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abolished interaction with Fkh1 (Fig. 2D) but did not af-
fect interaction with Cdc7. Moreover, Dbf4C alone was
able to support interaction with both Fkh1 and Fkh2
(Fig. 2D; Supplemental Fig. S2B). Finally, pull-down assays
confirmed the direct association betweenDbf4C and Fkh1
in vitro (Fig. 2E). Together, these results indicate that
Dbf4C is necessary and sufficient to bind Fkh.

To directly examine the possible role of Fkh–Dbf4 inter-
action in the replication program, we next compared
dbf4ΔC with wild type for origin duplication time and ef-
ficiency. Yeast cells were collected after release from G1

arrest for the indicated time points. Genomic DNA was
prepared for each sample, and the copy number of
ARS305 relative to a late origin ARS1412 was measured
by quantitative PCR (qPCR) (Hayano et al. 2012). The
ARS305/ARS1412 ratio was normalized to 1 for samples
harvested in G1. In wild type, the early origin ARS305
was duplicated before 40 min (Fig. 2F). In fkh1Δ and
fkh1Δfkh2ΔC alleles, the ARS305/ARS1412 ratio was re-
duced to ∼1.2 at 40 min and during the entire S phase, in-
dicating that ARS305 loses priority over late origin
ARS1412 in terms of timing and/or efficiency. These re-
sults are consistent with previous BrdU immunoprecipi-
tation (BrdU-IP) profiles of these origins and support the

view that Fkh is a critical determinant of the replication
program (Knott et al. 2012; Peace et al. 2016). Intriguingly,
an interaction-defective mutant, dbf4ΔC, phenocopied
the replication defects observed in fkh alleles (Fig. 2F).
Moreover, in dbf4ΔC cells, Fkh1 persisted in binding to
these origins, as shown by ChIP assays (Supplemental
Fig. S2C). This result indicates that loss ofDbf4–Fkh inter-
action does not affect the origin recruitment of Fkh1, in
good agreement with the direct binding of Fkh1 and the
forkhead domain to early origins in vitro, as shown in Fig-
ures 1G and 3A. Thus, the early origin firing defects ob-
served in dbf4ΔC are very likely caused by reduced
origin recruitment of Dbf4 due to a lack of the Fkh–Dbf4
interaction.

Directly targeting Dbf4 to origin DNA can bypass the
requirement of Fkh1

An alternative possibility is that deletion of the Dbf4 C
terminus could reduce DDK activity or impair interaction
with replication factors other than Fkh (Harkins et al.
2009; Jones et al. 2010). To test these possibilities, we
adopted a strategy to tether the Dbf4ΔC protein directly
to FBS+ ARS DNA. DNA binding of Fkh1 is mediated by

Figure 2. The Dbf4–Fkh1 interaction is impor-
tant for early origin firing. (A) Both the N-termi-
nal FHA domain and the C terminus of Fkh1
interact withDbf4. Fkh1 fragments andmutants
were constructed and used in yeast two-hybrid
assays as described in Figure 1A. Fivefold serial
dilutions of yeast cells expressing the indicated
proteins were grown at 30°C on either SC-W-L
or SC-W-L-H plates. (B) Fkh1–Dbf4 association
is likely enhanced by Dbf4 phosphorylation in
vivo. Dbf4 was purified from yeast cells and
treated with phosphatase prior to incubation
with recombinant GST-Fkh1 protein. (C ) Sche-
matic of themotifs in Dbf4 interacting with oth-
er proteins. (HBRCT) A noncanonical BRCT
domain with an additional helix. (D) Mapping
the domain of Dbf4 interacting with Fkh1.
Dbf4 truncations were constructed and used in
yeast two-hybrid assays as described in A. (E)
The Dbf4 C terminus is sufficient to bind
directly to Fkh1 in vitro. Purified recombinant
GST-Fkh1 and 6His-Dbf4 (656–704) proteins
were incubated with glutathione-Sepharose
beads in the binding buffer containing 1 µg/µL
BSA. The protein bands were revealed by immu-
noblot against anti-His and anti-GST antibodies,
respectively. The bandmarked by an asterisk is a
cross-reaction. (F ) ARS305 fails to fire in an in-
teraction-defective dbf4ΔC mutant as analyzed
by changes in DNA copy number. An average
was calculated from three independent experi-
ments. Error bars represent standard deviations
(SDs). (∗) P-value < 0.05.
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an evolutionarily conserved forkhead domain (amino ac-
ids 231–374) (Supplemental Fig. S3A; Stroud et al. 2006).
We then deleted an NxxRHxxSmotif within the forkhead
domain (referred to here as forkhead∗). By using the in vi-
tro binding assay described in Figure 1G, we showed that
the Fkh1 protein with a mutated forkhead∗ completely
lost its ability to bind FBS+ ARS305 (Fig. 3A), reinforcing
the notion that the forkhead domain is necessary for
DNA binding. Next, we fused Dbf4ΔC with forkhead to
directly target Dbf4 to FBS+ early origins (Fig. 3B). Indeed,
the Dbf4ΔC–forkhead fusion successfully restored firing
of ARS607 (Fig. 3C) and ARS305, albeit with a moderate
delay for the latter (Supplemental Fig. S3B,C). In contrast,
in both cases, no effects were observed in a fusion con-
struct with inactivated forkhead∗. These results demon-
strate that the firing problem of Fkh-activated origins
can be overcome through directly targeting Dbf4ΔC to or-
igins. Therefore the replication timing phenotype ob-
served in dbf4ΔC is not due to interfering with the DDK
kinase activity but is directly caused by the compromised
Fkh–Dbf4 interaction. Altogether, these data allow us to
conclude that the Fkh-dependent origin association of
Dbf4 is critical in promoting early origin firing.
Because the forkhead domain contains only DNA-bind-

ing activity and is unlikely to retain transcription factor
function, the above results also suggest that the role of
Fkh in regulating replication timing is very likely inde-
pendent of its transcription role. Following this notion,
we then examined whether Dbf4–forkhead fusion can
completely bypass the requirement of Fkh1 for early ori-
gin firing. This turned out to be true. If we fused forkhead
with Dbf4 in a fkh1Δ background, it rescued ARS305 fir-
ing to 40 min—equivalent to wild-type timing (Fig. 3D;
Supplemental Fig. S3C). Interestingly, the ARS305/
ARS1412 ratio dropped significantly more slowly in
Dbf4–forkhead fusion than wild type, suggesting that
the firing of FBS− late origins might be inhibited because
the recycle usage of Dbf4 might be blocked under fusion
conditions. These results strengthen the functional im-
portance of fine-tuning origin usage through Fkh1-depen-
dent targeting of Dbf4 to specific origins. These data also
allow us to conclude that the role of Fkh1 in DNA replica-
tion is independent of its transcription function and lies
solely in promoting origin loading of Dbf4.

Genome-wide replication profiles of fkh1Δ and the Dbf4–
forkhead fusion

To confirm these results and extend the analysis to the
entire yeast genome, we next monitored DNA replication
in wild-type and fkh1Δ cells by deep sequencing (Müller
et al. 2014). Briefly, cells were arrested in G1 with α factor
and released synchronously into S phase in the presence
of 200 mM hydroxyurea (HU) to allow initiation but re-
strict elongation to a region of ∼5 kb around active origins
(Poli et al. 2012). Cells were collected in G1, and, 60 min
after release into S phase, genomic DNA was extracted
and sequenced with an Illumina HiSeq 4000 platform.
To generate replication profiles, the ratio of uniquely
mapped reads in HU-arrested cells to G1 samples was cal-

culated. Unreplicated regions of the genome in HU pre-
sented the same copy number as in the G1 sample and
showed a ratio close to 1. In contrast, origin firing resulted
in an increased relative copy number around active ori-
gins (Fig. 4A). To quantify origin activity, the sum of
unique reads in G1 and HU samples calculated for 5-kb

Figure 3. Fusing Fkh1-DBD to Dbf4ΔC restores the early origin
replication. (A) The forkhead domain (DBD; amino acids 231–
374) of Fkh1 is responsible for DNA binding. (Forkhead∗) A fork-
headmutant with deletion of a conserved eight-amino-acid patch
(NxxRHxxS) within the DBD (see Supplemental Fig. S3A for se-
quence alignment). In vitro recruitment assays were performed
as described in Figure 1G. (B) Schematic representation of the
Dbf4ΔC–forkhead fusion. (C ) Replication of ARS607 can be res-
cued by fusing Dbf4ΔC with the forkhead domain but not with
the forkhead∗ mutant. An averagewas calculated from three inde-
pendent experiments, as described in Figure 2F. Error bars repre-
sent SDs. (∗∗) P-value < 0.01. See also Supplemental Figure S3B
for the results of ARS305, and Supplemental Figure S3C for the
flow cytometry profiles of these samples. (D) The role of Fkh1
in ARS305 replication can be bypassed via Dbf4ΔC–forkhead fu-
sion. An average was calculated from three independent experi-
ments. Error bars represent SDs. (∗∗) P-value < 0.01.
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regions centered on 504 annotated origins (Crabbe et al.
2010) was normalized and expressed as a ratio of HU to
G1. In wild-type cells, this relative copy number was pro-
portional to time of replication (Trep) of 230 individual or-
igins (Fig. 4B) for which a Trep was determined (Yabuki
et al. 2002). This is consistent with earlier studies (Poli
et al. 2012; Yoshida et al. 2014) and indicates that relative
copy number represents a good proxy for origin activity in
HU-arrested cells. A comparison of biological replicates
confirmed the robustness of the method (R2 = 0.96) (Sup-
plemental Fig. S4A).

In fkh1Δ cells, we observed a reduction of the activity
of ARS305 relative to wild-type cells (Supplemental Fig.
S4B), which is consistent with the results obtained by
qPCR (Figs. 2F, 3D). However, the activity of the origins
ARS306 to ARS309, which are not regulated by Fkh1
(Knott et al. 2012), was unchanged. Other examples of
Fkh1-dependent and Fkh1-independent origins are shown
on representative regions on chromosomes XII (Fig. 4A)
and XIII (Supplemental Fig. S4G). Overall, we identified
54 origins showing a reduced activity in the fkh1Δ
mutant in two independent sets of experiments (Supple-

mental Fig. S4C). These origins overlapped with 83% of
the origins previously identified by BrdU-IP-seq (BrdU-
IP combined with sequencing) as down-regulated in
fkh1Δ cells (Supplemental Fig. S4D) and 52% of the ori-
gins down-regulated in the fkh1Δ fkh2ΔC double mutant
(Knott et al. 2012). We also identified 60 origins showing
an increased activity in the absence of Fkh1 (Supplemen-
tal Fig. S4C), presumably because these origins have
access to larger pools of nucleotide and initiation factors
upon inactivation of Fkh1-dependent origins. Together,
these data indicate that deep sequencing of genomic
DNA in G1- and HU-arrested cells represents an accurate
method to monitor DNA replication in Fkh1-deficient
cells.

When DNA copy number in wild-type and fkh1Δ cells
was plotted relative to the Trep at the 230 origins for
which a Trep is available, we noticed that the activity of
the 54 Fkh1-dependent origins (Fig. 4B, orange) was re-
duced in fkh1Δ cells, whereas other origins (Fig. 4B,
gray) were not affected. Importantly, we observed a sig-
nificant rescue of Fkh origins when fkh1Δ cells were
complemented with the Dbf4–forkhead fusion protein

Figure 4. Genome-wide analysis of origin usage
in wild-type and fkh1Δ cells. (A) Replication pro-
files of wild-type, fkh1Δ, fkh1ΔDBF4–forkhead,
fkh1ΔDBF4–forkhead∗, andDBF4-GST cells for
a representative region on chromosome XII.
Cells were arrested in G1 for 170 min and re-
leased synchronously into S phase for 60 min
in the presence of 200 mM HU. Relative copy
number was determined by deep sequencing as
the ratio of normalized reads in HU andG1 cells.
Peaks corresponding to Fkh-dependent origins
are labeled in orange, and pericentromeric ori-
gins are labeled in green. (B) Scatter plots of rela-
tive DNA copy number in wild-type, fkh1Δ,
fkh1Δ DBF4–forkhead, fkh1Δ DBF4–forkhead∗,
and DBF4-GST cells versus the Trep (Yabuki
et al. 2002) for 230 origins. Fkh1-dependent ori-
gins are labeled in orange, and pericentromeric
origins are labeled in green. (C ) Relative copy
number at Fkh origins (n = 54) in wild-type,
fkh1Δ, fkh1Δ DBF4–forkhead, fkh1Δ DBF4–
forkhead∗, and DBF4-GST cells. (D) Relative
copy number at CEN origins (n = 31) in wild-
type, fkh1Δ, fkh1Δ DBF4–forkhead, fkh1Δ
DBF4–forkhead∗, and DBF4-GST cells. (∗∗∗∗) P
< 0.0001; (∗∗) P < 0.01; (ns) nonsignificant, Wil-
coxon matched-pairs signed rank test.
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corresponding to the full-length Dbf4 protein fused to
Fkh1-DBD but not with the Dbf4–forkhead∗ fusion pro-
tein that is unable to bind DNA (Fig. 4A–C). Together,
these data validate that the Fkh-mediated recruitment of
Dbf4 defines a rate-limiting step in establishing the tem-
poral program of FBS+ origins distributed throughout the
genome.

Dbf4–forkhead fusion specifically interferes with the
firing of CEN origins

Intriguingly, we also detected early origins whose activity
was completely lost in cells expressing theDbf4–forkhead
fusion proteins but not in wild-type and fkh1Δ cells
(Fig. 4A; Supplemental Fig. S4G; green peaks). A visual in-
spection of chromosome maps revealed that all of these
origins are located in the vicinity of centromeres. Interest-
ingly, we also found that Dbf4 enrichment inCEN origins
(ARS902, ARS1209, and ARS1513) are not significantly
affected in the absence of Fkh1 (Supplemental Fig. S4H,
cf. Fig. 1D). A previous study demonstrated that early rep-
lication of CEN origins depends on the recruitment of
Dbf4 by Ctf19, a component of the kinetochore. More-
over, C-terminal tagging of Dbf4 with either MYC or
FRB abolishes its localization at centromeres but not at
non-CEN origins (Natsume et al. 2013). Consistently,
we were able to detect a physical interaction between
Dbf4 and Ctf19 in yeast two-hybrid assays when Dbf4
was fused at the N terminus but not at the C terminus
(Supplemental Fig. S4I). Therefore, we reasoned that the
fusion of Fkh1-DBD to Dbf4 could interfere with the re-
cruitment of DDK at centromeres. To further confirm
this hypothesis, we replaced the forkhead domain with
a GST tag and integrated the DBF4-GST at the endoge-
nous DBF4 locus. Remarkably, this construct interfered
with the replication of CEN origins to the same extent
as the Dbf4–forkhead fusion proteins (Figs. 4A,B,D). Alto-
gether, these results indicate that Fkh1 targets Dbf4 to a
subset of replication origins to promote early replication
in a manner that is reminiscent of the recruitment of
Dbf4 to pericentromeric origins by Ctf19 (Natsume
et al. 2013).

Dbf4 recruits downstream limiting factors Sld3–Cdc45

The above results also imply that origin association of
Dbf4 is sufficient to trigger downstream events required
for origin firing. We thus hypothesized that other factors
essential for initiating replication can be subsequently re-
cruited to origins viaDbf4. To test this idea, we investigat-
ed whether Dbf4 interacts with downstream limiting
factors such as Sld2, Sld3, or Cdc45. Among them, only
Sld3 exhibited interaction with Dbf4 in yeast two-hybrid
assays (Fig. 5A). The direct interaction between Dbf4
and Sld3 was validated with an in vitro pull-down assay
using purified recombinant proteins (Fig. 5B). We further
proved that the Dbf4 N terminus (1–390) is sufficient for
Sld3 binding in vitro (Fig. 5B, lane 6). These results raise
the possibility that the loading of Sld3might be facilitated
by origin-associated Fkh–Dbf4. Supporting this idea, sim-

ilar to the Dbf4 ChIP results shown in Figure 1D, Sld3 en-
richment at early origins ARS305/607was lost in fkh and
Fkh interaction-defective dbf4ΔCmutants (Fig. 5C). Since
all of these mutants can be rescued by tethering Dbf4 to
origins, these results indicate that the preferential associ-
ation of Sld3 to early origins largely depends on the inter-
action between Dbf4 and Fkh. In addition, Sld3 also
interacted with another downstream limiting factor,
Cdc45 (Fig. 5A), which is consistent with the fact that
Sld3–Cdc45 are recruited to origins in a mutually depen-
dent fashion (Kamimura et al. 2001). Together, these
data suggest that the Fkh-dependent origin association
of Dbf4 promotes the subsequent recruitment of the lim-
iting factors Sld3–Cdc45 and defines a critical upstream
step during origin firing (Fig. 5D).

Discussion

Despite tremendous progress made in the analysis of rep-
lication initiation and timing during the last decade, the
mechanisms by which limiting initiation factors are

Figure 5. The preferential association of limiting factors Sld3–
Cdc45 with early origins depends on Fkh and Dbf4. (A) Yeast
two-hybrid assays of Dbf4–Sld3 and Sld3–Cdc45 pairs. (B) Direct
association between Dbf4 and Sld3. Purified recombinant His6-
Sld3 and GST-Dbf4 or GST-Dbf4 (1–390) were mixed with gluta-
thione beads in the binding buffer containing 1 µg/µL BSA. The
protein bands were revealed by immunoblot against anti-His
and anti-GST antibodies, respectively. (C ) Enrichment of Sld3
at early origins is abrogated in fkh1Δfkh2ΔC. Sld3-13MYC ChIP
was conducted as described in the Materials and Methods. (D)
A Fkh-dependent recruitment model of Dbf4 and downstream
limiting factors. Dbf4 is recruited to a subset of FBS+ early origins
at chromosome arms through interaction with Fkh1 or Fkh2. Or-
igin-associated Dbf4 promotes the recruitment of the initiation
factors such as Sld3 and Cdc45, which are essential for CMS
assembly.
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assembled at thousands of origins in a temporally coordi-
nated manner remain to be determined. Here, we found
that among these limiting factors, origin association of
Dbf4 in G1 phase defines a rate-limiting step in determin-
ing the time of origin activation.

First, Dbf4 is preferentially recruited to a series of early
origins in G1 phase by forkhead transcription factors Fkh1
and Fkh2. We demonstrated a direct physical interaction
between Dbf4 and Fkh, which is necessary and sufficient
for origin association of Dbf4 in vitro and in vivo. In the
absence of Fkh1, 54 origins are repeatedly down-regulated,
which can be rescued by fusing Dbf4 with Fkh1-DBD.
Meanwhile, ∼60 non-Fkh1-dependent origins show a
mild increase in activity in fkh1Δ cells. Dbf4 and other
limiting initiation factors that are no longer tethered to
Fkh origins are now available to activate these origins ear-
lier or more efficiently. These origins may also benefit
from the availability of more dNTPs following the loss
of Fkh1-dependent origins. The patterns of down-regulat-
ed and up-regulated origins are basically consistent with
the BrdU-IP-seq profiles reported by Aparicio’s group
(Knott et al. 2012). Based on the dimerization of Fkh1/2
(Ostrow et al. 2017), they propose an origin clustering
model, which may further contribute to the local enrich-
ment of Dbf4 at the replication factories (Saner et al.
2013).

Second, Dbf4 is targeted to different classes of origins
with different chromatin contexts through distinct mech-
anisms. For a subset of non-CEN origins, Fkh1/2 mediate
the recruitment of Dbf4. In contrast, for all CEN origins,
Dbf4 recruitment would depend on interaction with a ki-
netochore scaffold protein, Cft19, as reported previously
by Tanaka’s group (Natsume et al. 2013). Although the
very C terminus of Dbf4 seems to be required for both
Fkh- and Ctf19-mediated recruitment pathways, tagging
Dbf4 in the C terminus interferes with the latter, but
not the former, pathway.

Third, Rif1 is a global marker of late origins from yeast
to humans (Cornacchia et al. 2012; Hayano et al. 2012;
Yamazaki et al. 2012). Intriguingly, Rif1 represses the or-
igin firing through recruiting protein phosphatase 1 to
counteract DDK-dependent MCM phosphorylation
(Dave et al. 2014; Hiraga et al. 2014; Mattarocci et al.
2014). All of these studies point to the notion that DDK
(recruitment and activity) is the bona fide determinant
in establishing the global replication timing program
across evolution.

It is also noteworthy that Dbf4 may have functions oth-
er than the regulation of the Cdc7 kinase. The essential
role of DDK has been demonstrated to lie in the phosphor-
ylation of MCM, which mediates the recruitment of Sld3
(Randell et al. 2010; Deegan et al. 2016). Besides the essen-
tial role as aDDKentity, this study indicates an additional
scaffold role of Dbf4 in choreographing origin firing
through direct interactions with upstream Fkh1/2 and
downstream Sld3 proteins.

Transcription and chromatin structure have been
shown to influence origin timing and/or efficiency, which
is thought to regulate chromatin accessibility of origins to
limiting factors (Gondor and Ohlsson 2009; Knott et al.

2009; Gilbert et al. 2010; Yoshida et al. 2013, 2014). It is
noteworthy that Fkh transcription factors are able to
directly recruit Dbf4 and downstream limiting factors.
Combined with previous transcriptomic data (Knott
et al. 2012; Peace et al. 2016), our Dbf4–forkhead fusion
experiments argue strongly that the role of Fkh proteins
in replication timing establishment is completely separa-
ble from their transcription function. As far as we know,
this may represent the first direct link between transcrip-
tion factors and the regulation of replication timing and
efficacy.

Materials and methods

Yeast two-hybrid assay

Yeast two-hybrid assays were performed as described previously
(Quan et al. 2015). Gal4-AD (pGADT7) and Gal4-BD (pGBKT7)
vectors were used for the construction of plasmids expressing
prey and bait proteins. AH109was transformedwith pGBKT7-de-
rived bait and pGADT7-derived prey plasmids. To quantify two-
hybrid interactions, cotransformed cells were spotted at fivefold
serial dilutions on selective media and grown for 2–3 d.

Immunoprecipitation

Immunoprecipitation was carried out basically as described pre-
viously (Lou et al. 2008). Briefly, yeast protein extracts (input)
were prepared for immunoprecipitation by bead-beating in lysis
buffer. MYC-tagged proteins were immunoprecipitated using an
anti-MYC monoclonal antibody (9E10) conjugated to protein G-
Sepharose. Two percent of input or supernatant was run together
with immunoprecipitation (30% of the precipitates). Blots were
probed in phosphate-buffered saline containing 0.1% Tween
and 2% driedmilk. 9E10 (1:1000) was used to detectMYC-tagged
proteins,M2 (1:1000) was used to detect Flag-tagged proteins, and
polyclonal sera against Fkh1 (1:10000) andMcm2 (1:10000) raised
in this study were used to detect those proteins.

GST pull-down

GST or GST-Fkh1 was induced in BL21 cells for 3 h at 37°C using
0.1 mM IPTG. Cells were sonicated in lysis buffer containing 1%
Triton X-100. Proteins with a GST tag were purified from soluble
extracts by binding to glutathione-agarose (GE) and eluted in 20
mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, and 10% glycerol
containing 10 mM glutathione followed by dialysis against the
same buffer. For GST pull-downs, 6His-Dbf4p, GST-Fkh1, or
GST was incubated with glutathione-agarose in the presence of
binding buffer for 1 h at 4°C. The glutathione agarose beads
were washed extensively, and bound proteins were separated on
8% PAGE gels containing SDS. Blots were probed with monoclo-
nal antibody against GST (1:1000) and His (1:1000).

ChIP

We performed ChIP from extracts of cross-linked cells with spe-
cific and nonspecific antibodies (Tanaka et al. 2011). One micro-
gram of purified anti-MYC or anti-HA was used. After
purification of associated DNA fragments, we used a “real-
time” PCR machine (ABI, ViiA7) to calculate the enrichment of
particular sequences in the specific immunoprecipitation. The
ratio of immunoprecipitated DNA to total DNA in whole-cell
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extract was normalized as described in each figure legend and is
shown as fold enrichment (Natsume et al. 2013).

In vitro origin-binding assay

Biotin-labeled origin DNA conjugated to streptavidin magnetic
beadswas incubatedwith different concentrations of purified pro-
teins in a solution containing 20 mM Tris-HCl (pH 7.5), 100 µM
EDTA, 10% glycerol, 40 µg/mL BSA, 10mMmagnesium acetate,
and 200 µMDTT in a final reaction volume of 50 µL (Heller et al.
2011; Bruck and Kaplan 2015). The reactions were incubated for 1
h at 25°C. After the incubation, the magnetic beads were collect-
ed at room temperature using a magnet (Dynal). The supernatant
was removed, and the beads were washed three times with the
binding buffer. The beads were resuspended in 20 µL of sample
buffer and boiled, and 50% of the binding reaction was resolved
by 8% SDS-PAGE. Origin-binding proteins were analyzed by
immunoblots.

Cell synchronization and flow cytometry analysis

α Factor (5 µg/mL)was added for cell synchronization inG1 phase.
G1-arrested cells were released by filter-washing twice in fresh
medium and continued growth for the indicated time. Samples
were collected and fixed with 70% ethanol and then processed
for flow cytometry using a BD Biosciences FACS Verse machine.

Protein expression and purification

Full-length and truncated forms of pGEX4T-1-Fkh1, pGEX-4T-
1-Fkh1∗, pGEX-4T-1-Fkh1(1–230), pGEX-4T-1-Fkh1(303–584),
pET28a-Dbf4, pET-28a-Dbf4(656–704), pET28a-Cdc7, and
pET28a-Fkh1 constructs used in the pull-down experiments
were expressed in Escherichia coli BL21 (DE3) RIL codon-plus
(Stratagene) and purified by affinity tags and conventional col-
umn chromatography.

Replication timing analysis

Log phase cultures were arrested in G1 phase at 25°C using α fac-
tor and then released into fresh medium without α factor for 100
min, and time-lapse culture were collected every 20 min. Geno-
mic DNA was prepared for the G1-phase (0-min time point) and
S-phase (20/40/60/80/100-min) cells and quantified by qPCR.
The ratio of the amount of genomic DNA in S phase to that in
G1 was calculated for each locus. The ARS1412 locus was used
for normalization (Hayano et al. 2012). Two-tailed t-tests for
eachmutant against wild type were performed from at least three
replicates. A P-value of <0.05 (∗) was deemed significant and is in-
dicated by one asterisk, whereas a P-value of <0.01 is indicated by
two asterisks. Standard deviations are indicated in all panels.

Genome-wide replication profiling

Strains (W303-1a, DS1, DS6, DS8, and DS13 in Supplemental Ta-
ble S1) were grown at 25°C in YEP medium supplemented with
2% glucose. Cells were arrested in G1 for 170 min with 2 µg/
mL α factor (GenePep) and released into S phase by the addition
of 75 µg/mL pronase into medium containing 0.2 M HU for 60
min. For genomic DNA extraction, 100 mL of yeast cells at 1 ×
107 cells permilliliterwas shaken five times for 2min inNIB buff-
er (17% [v/v] glycerol, 50 mM MOPS buffer, 150 mM potassium
acetate, 2 mM magnesium chloride, 500 µM spermidine, 150
µM spermine at pH 7.2) with zirconium beads on a Vibrax (VXR
basic, Ika) at 4°C. DNA was isolated using Qiagen genomic

DNAextraction kit according to themanufacturer’s instructions.
DNA was fragmented using sonication (∼200- to 500-base-pair
[bp] size range). Sequencing libraries were prepared using a Thru-
PLEX DNA-seq kit (Rubicon Genomics). Next-generation se-
quencing was performed on a HiSeq 4000 (Illumina). Single-end
reads of 50 bp were aligned to the Saccharomyces cerevisiae ge-
nome (2011) and rDNA sequencewith Bowtie, allowing only per-
fect matches. Relative copy number was determined as the ratio
of normalized reads in HU and G1 cells. Replication profiles were
smoothed with a sliding window of 1000 bp and displayed using
Integrated Genome Browser version 8.2 (Nicol et al. 2009). Statis-
tical analyses were performed using GraphPad Prism 7.
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