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Method

Quantitative BrdU immunoprecipitation method
demonstrates that Fkhl and Fkh2 are rate-limiting
activators of replication origins that reprogram
replication timing in Gl phase

Jared M. Peace, Sandra K. Villwock, John L. Zeytounian, Yan Gan, and Oscar M. Aparicio
Molecular and Computational Biology Program, University of Southern California, Los Angeles, California 90089-2910, USA

The Saccharomyces cerevisiae Forkhead Box (FOX) proteins, Fkhl and Fkh2, regulate diverse cellular processes including tran-
scription, long-range DNA interactions during homologous recombination, and replication origin timing and long-range
origin clustering. We hypothesized that, as stimulators of early origin activation, Fkhl and Fkh2 abundance limits the
rate of origin activation genome-wide. Existing methods, however, are not well-suited to quantitative, genome-wide mea-
surements of origin firing between strains and conditions. To overcome this limitation, we developed qBrdU-seq, a quan-
titative method for BrdU incorporation analysis of replication dynamics, and applied it to show that overexpression of Fkhl
and Fkh2 advances the initiation timing of many origins throughout the genome resulting in a higher total level of origin
initiations in early S phase. The higher initiation rate is accompanied by slower replication fork progression, thereby main-
taining a normal length of S phase without causing detectable Rad53 checkpoint kinase activation. The advancement of or-
igin firing time, including that of origins in heterochromatic domains, was established in late Gl phase, indicating that origin
timing can be reset subsequently to origin licensing. These results provide novel insights into the mechanisms of origin tim-
ing regulation by identifying Fkhl and Fkh2 as rate-limiting factors for origin firing that determine the ability of replication

origins to accrue limiting factors and have the potential to reprogram replication timing late in GI phase.

[Supplemental material is available for this article.]

Chromosomal DNA replication in eukaryotes follows a spatiotem-
poral program determined by the selective activation of potential
replication origins distributed throughout chromosomes. Origins
are “licensed” for one round of replication through the cell
cycle-regulated establishment of the pre-RC complex in early G1
phase upon exit from mitosis (for review, see Sclafani and
Holzen 2007). Initiation of licensed origins in the ensuing S phase
requires stimulation by cell cycle-regulated kinases CDK and DDK
(for review, see Labib 2010). The kinetics of initiation at different
origins, however, are influenced by local chromatin structure
and the subnuclear localization of chromosomal domains, such
as subtelomeric and telomeric regions that are heterochromatic,
peripherally located, and late-replicating (for review, see Aparicio
2013; Rhind and Gilbert 2013; Smith and Aladjem 2014).
Accordingly, histone deacetylases and other chromatin modifiers
have been implicated in regulating the timing and efficiency of
replication origins in eukaryotic cells (for review, see Smith and
Aladjem 2014; Creager et al. 2015).

The exact mechanism through which chromatin structure de-
lays replication initiation remains unclear but is thought to im-
pede the accessibility of trans-activating factors to the licensed
origin complex. In this context of generally repressive chromatin,
specific mechanisms have recently been identified in yeasts that
act to stimulate the early replication of specific sequences. For ex-
ample, centromeres are early replicating in both budding and fis-
sion yeasts, though remarkably, this is achieved through distinct
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mechanisms that act to efficiently recruit the replication initiation
kinase DDK to specific origins (Hayashi et al. 2009; Li et al. 2011;
Natsume et al. 2013). In Saccharomyces cerevisiae, the Forkhead
Box (FOX) DNA binding proteins Fkh1 and Fkh2 are responsible
for stimulating the activation of most noncentromeric, early-firing
origins in the genome (Knott et al. 2012). In the absence of FKH1
and FKH2, the majority of these early-firing origins are signifi-
cantly delayed in activation (thus defined as “Fkh-activated”),
while a similar number of normally later-firing origins are ad-
vanced in their timing (defined as “Fkh-repressed”).

The exact mechanism of origin regulation by Fkh1 and/or
Fkh2 (Fkh1/2) remains unclear, but “activation” appears to involve
the preferential recruitment of limiting initiation factors, like
Cdc45, to origins with Fkh1/2 bound in cis (Knott et al. 2012).
As origin loading of Cdc45 is DDK-dependent, Fkh1/2 may be in-
ferred to enhance DDK recruitment to Fkh-activated origins.
In contrast, “repression” by Fkh1/2 was suggested to reflect an in-
direct consequence of limiting replication factors being seques-
tered by the activated origins. Furthermore, Fkh1/2 are required
for the G1 phase clustering of early (activated) origins, suggesting
a function of Fkh1/2 in the spatial organization of origins and the
ensuing replication process (Knott et al. 2012). Such a proposed
mechanism shares a striking parallel with the mechanism of
Fkh1 in regulating donor selection during mating-type switching,
which involves homologous DNA recombination between distal
chromosomal DNA sequences (for review, see Haber 2012).
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two or more uniquely barcoded samples  Figure 1. Quantitative BrdU-IP-seq analysis. (A) Scheme of the method. BrdU-labeled genomic DNA

prior to the BrdU-IP and library amplifi-
cation steps, along with parallel analysis
to quantify the input DNA sample for
normalization of the immunoprecipitat-
ed material. Thus, the most critical DNA
manipulation for library preparation, ad-
dition of adapters, which include the
barcodes, is carried out prior to depletion
of DNA quantity by IP; and numerous
operations that may introduce sub-
stantial variability between individually
prepared samples, including IP, PCR amplification, and quantifica-
tion of sequencing reads, are conducted under identical and/or
more reliable conditions. We confirmed the ability of qBrdU-seq
to detect and correct for differences in sample inputs by adding dis-
tinct barcodes to equal aliquots of a BrdU-labeled genomic DNA
sample and combining the distinctly barcoded samples in dif-
ferent proportions for IP, amplification, and sequence analysis.

from each sample is barcoded by end-ligation of lllumina-compatible linkers. Samples are pooled, a small
fraction of this pool is set aside as “Input,” and the remainder is subjected to immunoprecipitation (IP)
with anti-BrdU antibody. The IP and Input samples are PCR-amplified with indexed primers and se-
quenced. IP sample reads are normalized against Input sample reads. (B) Validation of the method.
A BrdU-labeled genomic DNA sample was split in two and each aliquot was uniquely barcoded. The dis-
tinctly barcoded samples were pooled at a ratio of 1:10 (color-keyed) and processed as above. IP results
are shown raw and with normalization against the Input. (C) Comparison to CPM and Quantile normal-
ization (Q-norm). JPy88 (WT) cells were synchronized in G1 phase with o-factor, released into S phase,
and aliquots were incubated with BrdU for the indicated time intervals and harvested. The samples were
processed as described for qBrdU-seq in A, and the IP sequence reads were analyzed by qBrdU-seq, CPM,
or Quantile normalization and plotted as overlays of the time points.

The results show that normalization of the IP data by the input
data (IP:Input) largely corrected for a 10-fold difference in input
DNA (Fig. 1B).

To validate this approach further, we tested qBrdU-seq nor-
malization against two other commonly used approaches: CPM
(counts per million bp, a variation of RPKM), which normalizes
read depth between samples, and Quantile normalization, which
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fits the samples to similar distributions
(Bolstad et al. 2003; Mortazavi et al.
2008). When applied to the above test
sample analyzed at 10-fold different con-
centrations, both methods successfully
corrected the data, as expected because
the correctly normalized samples should
have identical read depths and distri-
butions (Supplemental Fig. S1A). As a
more stringent test, we analyzed a pair
of samples (with replicates) with differ-
ent levels of BrdU incorporation; the
samples represent sequential BrdU pulses
at the start of S phase with significantly
more bulk replication occurring during
the second pulse (Supplemental Fig.
S1B). Both CPM and Quantile normaliza-
tion performed poorly on these samples
by essentially equalizing the nonequal
signals for the two time points (Fig. 1C).
The CPM- and Quantile-normalized re-
sults show little evidence of replication
progression, such as BrdU incorporation
at greater distances from the origins in
the second time point. In contrast, the
IP:Input normalization clearly reflects
progression of S phase and greater signal
in the latter time point reflective of the
bulk DNA analysis (Fig. 1C; Supplemen-
tal Fig. S1B). Furthermore, the gqBrdU-
seq normalization by input correctly
scales the IP data to the degree of replica-
tion that has occurred in the correspond-
ing input, which is apparent in the
flattening and sometimes splitting of
the BrdU signal at early origins by the
second time point, as the DNA dupli-
cation corrects the signal relative to
flanking sequences still undergoing repli-
cation. These results verify that qBrdU-
seq is a superior method for analysis of
BrdU-IP-seq data.

Fkhl and Fkh2 overexpression advances
initiation timing globally

To test the hypothesis that Fkh1/2 is rate-
limiting for early origin firing, we over-
expressed Fkh1l and Fkh2 and analyzed
replication origin dynamics. Wild-type
(WT) cells harboring a plasmid vector
with FKH1 or FKH2 expression under
control of the GAL1/10 promoter or the
empty GAL1/10 vector were synchro-
nized in late G1 phase with a-factor un-
der noninducing conditions, followed
by incubation under inducing condi-

tions while the late G1 arrest was maintained. After 2 h of induc-
tion to allow Fkh1l or Fkh2 accumulation, cells were released
from G1 into S phase in the presence of BrdU to label replicating
DNA plus hydroxyurea (HU) to arrest replication in early S phase,
allowing early but not late origins to initiate replication (Fig. 2A,B).
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Figure 2. Fkh1-OE and Fkh2-OE stimulate origin firing globally. (A) Scheme for overexpression and

replication analysis. Cells grown in YEP-raffinose (noninducing) were blocked in G1 phase by incubation
with a-factor for 3 h, followed by incubation in YEP-galactose plus a-factor for 2 h to induce expression
while maintaining the G1 block. Cells were released from G1 block into S phase by incubation in YEP-ga-
lactose, minus a-factor, plus BrdU and HU for 1 h and harvested. (B) Immunoblot analysis of Fkh1 expres-
sion in JPy88 (WT) and JPy89 (Fkh1-OE) induced as in part A; Fkh1 is indicated with an asterisk. (C) gBrdU-
seq analysis of |Py88, JPy89, and JPy90 (Fkh2-OE) treated as in Awas performed in triplicate and averaged
data plotted for Chromosome XI. (D,E) Venn diagrams of all origins identified in the indicated sets (D) and
of all OE-activated origins (E). (F) Distribution of previously defined origin classes: Fkh-activated, Fkh-re-
pressed, and Fkh-unregulated among Fkh1-OE-activated and Fkh2-OE-activated origins; “All” shows the
distribution of all previously defined origins. (G) Total normalized BrdU signal +5 kb of all called origins for
WT, Fkh1-OE, and Fkh2-OE.

Chromosomal plots of the BrdU incorporation data show that
both Fkh1l overexpression (Fkh1-OE) and Fkh2 overexpression
(Fkh2-OE) caused striking changes in the relative initiation levels
of many origins, most notably increasing the activation of
many later-firing origins relative to earlier-firing origins (Fig. 2C;
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Supplemental Fig. S2 for all chromosome plots). For example, plots
of BrdU incorporation along Chromosome XI show three main
peaks (representing early origins) and several small peaks (repre-
senting late or inefficient origins) in WT cells, whereas Fkh1-OE
and Fkh2-OE show significantly greater BrdU incorporation at vir-
tually all of the minor peak positions in addition to some origin
locilacking BrdU incorporation in WT cells . To characterize the ef-
fects of Fkh1-OE and Fkh2-OE across the genome, we determined
whether the level of BrdU incorporation at these origins was signif-
icantly altered. The results show 212 origins firing in WT cells, 282
firing in cells with Fkh1-OE, and 336 firing in cells with Fkh2-OE,
in total comprising 384 total origins (Fig. 2D). Fkh1-OE and Fkh2-
OE significantly increased BrdU incorporation at 180 origins
(termed Fkh1-OE-activated) and at 202 origins (Fkh2-OE-activat-
ed), respectively, with the majority of these origins belonging to
both groups (Fig. 2E). The Fkh1-OE-activated and Fkh2-OE-activat-
ed origin sets were predominantly composed of origins previously
categorized as Fkh-repressed or Fkh-unregulated (Fig. 2F; Knott
et al. 2012). Thus, with increased dosage, Fkh1 and Fkh2 can act
broadly across the genome to increase the activation of many
origins.

Consistent with the increased BrdU incorporation at many
origins, Fkh1-OE increased total BrdU incorporation at origins
in HU (Fig. 2G). In contrast, total BrdU incorporation was notably
lower in cells with Fkh2-OE compared with WT (Fig. 2G). Analysis
of total DNA content by flow cytometry showed that Fkh2-OE
caused a delay in S phase entry relative to WT and Fkh1-OE
(Supplemental Fig. S1B). Fkh2-OE also delayed the timing of bud
emergence compared with WT and Fkh1-OE (Supplemental Fig.
S1C), indicating that delayed passage through Start caused the
consequent delay in S phase entry. Thus, we conclude that the re-
duced level of total replication measured by qBrdU-seq in cells
with Fkh2-OE results from this cell cycle progression defect rather
than a DNA replication defect per se. We also note that this differ-
ence in BrdU incorporation due to defective S phase entry was re-
vealed by the qBrdU-seq normalization but masked by CPM
normalization (Supplemental Fig. S3). Overall, the effects of
Fkh1-OE and Fkh2-OE were qualitatively similar, suggesting that
the greater dependence on FKH1 versus FKH2 in deletion analysis
reflects their in vivo binding preferences as opposed to inherently
different functional capabilities.

We considered the possibility that Fkh1-OE and Fkh2-OE
might alter origin timing by affecting the levels of replication pro-
teins, particularly rate-limiting initiation factors identified in re-
cent studies (Patel et al. 2008; Mantiero et al. 2011; Tanaka et al.
2011). However, we observed no change in the levels of several rep-
lication initiation proteins that we examined, including Dbf4, the
overexpression of which was essential for advancement of late or-
igin firing in all of these previous studies (Supplemental Fig. S4).
We also tested whether the expression levels of any DNA replica-
tion genes were altered by both Fkh1-OE and Fkh2-OE using
RNA-seq analysis and identified only two genes annotated as hav-
ing a DNA replication initiation function: NOC3, which is up-reg-
ulated 1.5-fold, and CTF3, which is down-regulated twofold
(Supplemental Table S1). Noc3 has been reported to function in
pre-RC assembly (Zhang et al. 2002); however, pre-RC assembly
is not thought to be limiting at most origins (Santocanale et al.
1999; Wyrick et al. 2001), and pre-RC levels are unaffected in
fkh1A fkh2A cells (Knott et al. 2012). Ctf3 has been reported to
function in plasmid stability; however, this probably reflects its
well-established function at kinetochores in chromosome segrega-
tion rather than a function in DNA replication (Measday et al.

2002). Furthermore, analysis of the RNA-seq data found no corre-
lation between the alterations of origin activities and local alter-
ations in transcription caused by Fkh1-OE and Fkh2-OE (data
not shown), consistent with our previous conclusion that the
function of Fkh1 and Fkh2 in regulating replication origin initia-
tion is independent of their effects on transcription (Knott et al.
2012).

We also addressed the possibility that Fkh1-OE and Fkh2-OE
might alter the levels of ANTP pools in the cells and allow the high-
er levels of origin firing observed in early S phase. Total DNA con-
tent in HU was little changed due to Fkh1-OE or Fkh2-OE,
suggesting little if any change in ANTP pool levels (Supplemental
Fig. S5A). In contrast, overexpression of ribonucleotide reductase
(RNR3), which has been shown to increase dNTP levels (Chabes
and Stillman 2007), substantially increased DNA content in HU-
arrested cells (Supplemental Fig. SS3B). Analysis by qBrdU-seq
showed that Rnr3 overexpression (Rnr3-OF) affected replication
differently than Fkh1-OE or Fkh2-OE, specifically by increasing
fork progression more than origin firing (Supplemental Fig. S5C).
These results support the conclusion that origin stimulation by
Fkh1-OE and Fkh2-OE does not involve altered dNTP levels.

Increased rate of origin firing slows replication fork rate

Further analysis was focused on Fkh1, which plays the predomi-
nant role at origins (Knott et al. 2012; Ostrow et al. 2014) and
which did not exhibit an S phase entry delay like Fkh2 when over-
expressed. To determine how the effects of Fkh1-OE on origins re-
late to the normal replication timing of the affected origins, we
plotted the average BrdU incorporation signal for 10-kb regions
centered on origins divided into quartiles according to their re-
plication timings (Trep) (Fig. 3A; Raghuraman et al. 2001). This
analysis shows increased average BrdU incorporation in all replica-
tion timing quartiles, with the greatest relative effects in the later
quartiles. Accordingly, Fkh1-OE-activated origins are mainly com-
prised of later-firing origins (Fig. 3B). Thus, Fkh1-OE most strongly
affects those origins that are not already activated at normal
Fkh1 dosage (Fig. 2F) and many additional origins are susceptible
to advancement by Fkh1; however, its normal dosage limits its
functional targets.

Despite the overall increase in origin firing due to Fkh1-OE
(Figs. 2G, 3A), 58 origins were identified as having significantly re-
duced BrdU incorporation (Fkh1-OE-repressed). These origins were
mostly early origins (Fig. 3B). However, closer examination shows
that Fkh1-OE increased the average BrdU peak height at these ori-
gins, reflecting an increased level of origin firing, while causing a
small but significant decrease in the area under the BrdU peaks
at these origins, which is due to a slightly narrower average peak
(Fig. 3C). This suggested a decrease in the progression of repli-
cation forks from these origins, which would be consistent with
a titration of limiting factors away from these replication forks to
the additional replication forks established at origins advanced
by Fkh1-OE.

Because the available nucleotide pools primarily determine
the extent of replication in HU, effects of Fkh1-OE may have
been obscured by the use of HU. Therefore, we analyzed
Fkh1-OE effects on replication in cells released into S phase with-
out HU. Cells were subjected to galactose induction as above, re-
leased into S phase, and pulsed with BrdU at different times after
release. qBrdU-seq analysis was carried out and the BrdU signal
was plotted for each interval. The replication profiles reveal the in-
creased firing of many replication origins early in the time-course,
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Figure 3. Fkh1-OE stimulates origin firing. (A) Origins were divided into quartiles according to Trep, by FkhI-OE does not cause detectable

and BrdU incorporation was averaged across 10-kb regions aligned by the peak summit of each origin.
(B) Tgep distributions of all origins and those classified as Fkh1-OE-activated and Fkh1-OE-repressed. (C)
Average BrdU incorporation for 10-kb regions aligned by the peak summit of all origins and those clas-

sified as Fkh1-OE-activated and Fkh1-OE-repressed.

including the earliest origins (Fig. 4A; Supplemental Fig. S6 for all
chromosome plots). Strikingly, despite the taller and wider BrdU
peaks in cells with Fkh1-OE at 35 min, the distribution of BrdU in-
corporation appeared to equalize by 45 min, suggesting a slowing
of DNA synthesis at replication forks in cells with Fkh1-OE.

To examine the rate of fork progression more precisely, we
plotted the average BrdU signal for the first two time points for
the earliest-firing decile of origins (Fig. 4B). This plot clearly shows
that the leading edge of replication emanating from early origins is
advanced in cells with Fkh1-OE at 35 min; however, by the second
time point, the distance from the origins has converged. We also
plotted the difference in BrdU signal between the first and second
pulse intervals as an indication of the area replicated during the
second time point relative to the first. Both plots show that these
replication forks covered less distance during the second pulse in-
terval in cells with Fkh1-OE (Fig. 4B). We estimated the rate of fork
progression based on the differences in peak widths between the
two time points as 975 bp/min for WT and 790 bp/min for
Fkh1-OE (Fig. 4B). Thus, an increased rate of origin firing is accom-
panied by a decreased rate of DNA synthesis at replication forks,
which can explain the overall similar rates of bulk DNA replication
in cells with and without Fkh1-OE as measured by flow cytometry
(Supplemental Fig. S1B).

We considered that decreased replication initiation of the
multicopy ribosomal DNA (rDNA) origins might also compensate
for the increased firing of single-copy late origins, resulting in the
similar overall replication rate. We plotted BrdU peak signals for
several representative origins from the time-course data, including
ARS607 (early, single-copy) (Friedman et al. 1997; Yamashita et al.
1997), 2-micron (early, ~60 episomal copies) (Zakian et al. 1979;
Futcher and Cox 1984), ARS501 (late, single-copy) (Ferguson
etal. 1991), and rDNA (timing uncharacterized, ~150 tandem cop-
ies) (Fig. 4C; Kobayashi et al. 1998). The plots show expected differ-
ences in the peak firing time signals from early and late origins,
further validating the ability of qBrdU-seq to robustly compare

replication stress

We wondered whether the higher rate
of origin firing resulting from Fkh1-OE
causes replication stress. Although
chronic Fkhl- and Fkh2-OE causes le-
thality (Postnikoff et al. 2012), cells remain viable under the acute
OEF used here and do not exhibit rapid or uniform cell cycle arrest,
requiring several generations to arrest cell division (Supplemental
Fig. S7). We also examined activation of checkpoint kinase Rad53
through its phosphorylation, which is detectable as a mobility
shift in gel electrophoresis. In cells released into S phase without
HU present, we did not detect Rad53 phosphorylation with or
without Fkh1-OE in the time frame of these experiments or in lon-
ger time-courses corresponding to the eventual growth arrest
caused by chronic Fkh1-OE (Fig. 4D; Supplemental Fig. S7; data
not shown). Checkpoint signaling to activate Rad53 remained
functional, as treatment with the DNA damaging agent methyl-
methane-sulfonate (MMS) robustly induced Rad53 phosphoryla-
tion in cells with Fkh1-OE (Fig. 4D). These findings are consistent
with the normal S phase length with Fkh1-OE indicated by flow
cytometry (Supplemental Fig. S1B) and suggest that normal cells
can compensate for the increased level of origin initiation without
an overt checkpoint response.

Overexpressed Fkhl acts through direct binding
to affected origins

Origin activation by Fkh1 involves direct binding in cis to the ori-
gin (Knott et al. 2012). Thus, we expected that origin activation by
Fkh1-OE would also reflect its direct binding proximal to the af-
fected origins, likely due to the presence of Fkh1 recognition se-
quences that are infrequently bound in the absence of OE.
To confirm this supposition, we examined the binding of Fkh1
in cells with and without Fkh1-OE using chromatin immunopre-
cipitation analyzed by whole genome tiling microarray (ChIP-
chip). Endogenous and overexpressed FKHI was Myc epitope-
tagged, and cells were analyzed in G1 phase after induction or
not of Fkh1-OE. Fkh1 binding along Chromosome XI shows in-
creased binding at several Fkh1-OE-activated origins in Fkh1-OE
cells (Fig. 5A). Fkh1 binding near origins was further analyzed by
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Figure 4. Fkh1-OE increases early origin firing and decreases replication fork rate. Strains JPy88 (WT)
and JPy89 (Fkh1-OE) arrested and induced as described in Figure 2A were released into S phase without
HU, and aliquots were incubated with BrdU for the indicated intervals and harvested. (A) gBrdU-seq anal-
ysis was performed in duplicate and plotted for Chromosome XI. (B) Analysis of the earliest decile of or-
igins: Average BrdU incorporation is plotted for the indicated time intervals (upper panel), and the
horizontal dashed line indicates the position at which fork rate measurements were calculated; the differ-
ence in BrdU incorporation between the first two intervals is plotted (lower panel). (C) Quantification of
BrdU maximum peak height for the indicated loci for each time interval. Total BrdU (summed max peak
heights) includes all origins including all copies of 2-micron and rDNA (ARS1200) origins. (D) Immuno-
blot analysis of Rad53; Rad53 is indicated with an asterisk, and phosphorylated Rad53 is indicated with
two asterisks. “MMS” indicates sample was released after G1 block and Gal-induction into the presence
of 0.033% MMS for 1 h prior to harvest.

Fkh1 in cells without OE; and with Fkh1-
OE, the average Fkh1 ChIP signal increas-
es at these origins. Fkh1-OE-repressed or-
igins show a smaller increase of Fkhl
binding with Fkh1-OE; however, these
origins also show a higher level of bind-
ing than other origin classes without
OE (Fig. 5B,C), consistent with the fact
that many of these origins are normally
Fkh-activated and Fkhl-bound (Knott
et al. 2012; Ostrow et al. 2014). Origins
that were not significantly activated or
repressed by Fkh1-OE (Fkh1-OE-un-
changed) show minimal enrichment of
Fkh1 binding with or without Fkh1-OE
(Fig. 5B,C). Thus, increased Fkh1 binding
at origins with low occupancy at normal
Fkh1 expression levels correlates with the
increased firing of these origins, consis-
tent with overexpressed Fkhl acting
directly on origins.

FkhI-OE reprograms origin timing
in heterochromatin in late Gl phase

Previous studies have suggested that ori-
gin initiation timing is established in
the late M to early G1 period of the cell
cycle (Raghuraman et al. 1997; Dimi-
trova and Gilbert 1999). However, the
above results demonstrate that the repli-
cation timing of many origins through-
out the genome can be advanced by de
novo Fkh1 binding during arrest in late
G1 phase. To examine this “reprogram-
ming” of origin timing more rigorously
and rule out that the presence of a nor-
mal dosage of Fkh1 and Fkh2 prior to in-
duction of OE in G1 phase contributed to
subsequent origin activation by OE, we
performed the Fkh1-OE induction in
G1 phase in fkh1A fkh2A cells. Fkh1-OE
restores origin firing of Fkh-activated
and Fkh1-OE-activated origins, yielding
a pattern very similar to that of WT cells
with Fkh1-OE (Fig. 6A; cf. Fig. 2B), thus
supporting the conclusion that Fkhl
can reprogram origin firing in late G1.
This result also demonstrates that Fkh1-
OE can stimulate additional origin firing
independently of Fkh2.

To scrutinize this activity of Fkh1
within heterochromatin, we more close-
ly examined the activity of origins within
subtelomeric heterochromatin. With in-
duction of Fkh1-OE in G1l-blocked
fkh1A fkh2A cells, subtelomeric origins
showed increased early initiation in the

plotting the average Fkh1-Myc ChIP signal for 5-kb regions cen- ensuing S phase, suggesting that Fkh1 can reprogram origin firing
tered on different origin classes (Fig. 5B). These data were also plot- in G1 phase within established subtelomeric heterochromatin
ted as box-and-whisker plots to show the data point distributions (Fig. 6B). The average level of subtelomeric origin activity in HU
(Fig. 5C). Fkh1-OE-activated origins show minimal enrichment of was still relatively low compared with early origins (Fig. 6A),
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finding also supports our previous con-
clusion that origin repression by Fkh1/2
; (i.e., origins that fire earlier in fkhIA
1 fkh2A) was an indirect effect of its activa-
3 tion of other origins, which depletes lim-
T iting initiation factors. Indeed, the data
show that many origins previously de-
§ fined as Fkh-repressed are activated by
increased Fkh1/2 dosage; however, nor-
mal Fkh1/2 dosages limit occupancy,
; and hence activation, at these origins.
: Despite the ability of Fkh2-OE to stimu-
: late origin firing, deletion of FKH2 does
not de-regulate origin firing, whereas
deletion of FKH1 de-regulates many early

Figure 5.

dicated origin groups.

suggesting only a limited ability of Fkh1 to stimulate origins with-
in this chromatin domain. However, ChIP-chip shows that Fkh1/2
occupancy is low in subtelomeric domains (Ostrow et al. 2014),
suggesting that the limited effect of Fkh1-OE reflects a dearth of
Fkh1 binding sites associated with subtelomeric origins.

To further test whether Fkh1-OE can efficiently stimulate ear-
ly activation within a subtelomeric domain, we replaced ARS501
with ARS305, a Fkh-activated origin with well-defined Fkh1 bind-
ing sequences. The ARS501 locus was chosen because it was the
subject of the previous study concluding that initiation timing is
established prior to the late G1 arrest point (Raghuraman et al.
1997) and thus presented a relatively well-characterized context
in which to test Fkh1’s ability to alter the established timing
program. In fkhiA fkh2A cells, ARS305 at the ARS501 locus
(ars501A::ARS305) did not initiate replication in HU, consistent
with delayed activation (Fig. 6C). Induction of Fkh1-OE in these

Fkh1-OE increases Fkh1 occupancy at stimulated origins. Strains JPy105 (WT, Fkh1-Myc) and
JPy106 (Fkh1-Myc-OE) arrested and induced (but not released into S phase) as described in Figure 2A
were subjected to ChIP-chip analysis of Fkh1. (4) ChIP signal along Chromosome Xl is plotted with origins
indicated above. (B) The average ChlP signal is plotted for 5-kb regions aligned on origins of the indicated
groups. (C) Box-and-whisker plots of the distributions of ChlIP signals for individual origins within the in-

origins (Knott et al. 2012). Thus, specific-
ity in Fkh1 and Fkh2 binding preferences
and occupancy levels at origins at normal
dosages underlies their differential re-
quirements in deletion studies. Indeed,
Fkh1 binding is more frequently detected
at Fkh-activated origins than Fkh2
(Ostrow et al. 2014). Whereas it might
seem counterintuitive that Fkh2-OE should activate more origins
than Fkh1-OE, we suggest that this reflects the normally greater
abundance of Fkh1 and its preference for binding near origins,
such that Fkh2-OE increases the number of Fkh1/2-bound
origins more than Fkh1-OE (Ghaemmaghami et al. 2003; Kulak
et al. 2014; Ostrow et al. 2014). Together with the ChIP-chip anal-
ysis showing increased Fkh1 occupancy at Fkh1-OE-activated ori-
gins, the results support the conclusion that the relative binding
occupancy of Fkh1/2 is a direct determinant of origin activation
timing.

Several recent studies have shown that overexpression of rep-
lication initiation proteins advances the firing of late origins in ear-
ly S phase, indicating that these factors are present in rate-limiting
amounts (Mantiero et al. 2011; Tanaka et al. 2011). This suggests a
model in which those origins best able to recruit the limiting fac-
tors will initiate early with higher probability (Mantiero et al. 2011;
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Figure 6. Fkh1 stimulates origin firing in subtelomeric heterochromatin. Strains OAy1071 (fkh1A
fkh2A GAL-FKHT) and OAy1073 (fkh1A fkh2A) were induced and released into HU as described in
Figure 2A and subjected to qBrdU-seq analysis. (A) Data are plotted for Chromosome XI. (B) Averaged
BrdU signal for subtelomeric origins detected to fire. (C) Data are plotted for Chromosome V, highlight-

ing the subtelomeric ars501A::ARS305 locus.

Bechhoefer and Rhind 2012). Fkh1/2 appears to function in this
recruitment mechanism, as the binding of Cdc45 to early origins
in G1 phase is dependent on FKH1 and FKH2 (Knott et al. 2012).
However, Fkh1-OE does not increase the dosage of limiting initia-
tion proteins, suggesting instead that Fkh1/2 enables origins to
more effectively recruit the available factors to trigger initiation
(see below).

qBrdU-seq accurately determines relative
amounts of DNA replication

The results of several studies have indicated that increased late or-
igin firing depresses the level of early origin firing, at least in HU
(Mantiero et al. 2011; Tanaka et al. 2011; Peace et al. 2014;
Yoshida et al. 2014); however, the prior methods either did not al-
low a direct determination of replication levels genome-wide or in-
volved statistical normalization between high-throughput data
sets. Thus, the observation that Fkh1-OF and Fkh2-OE advanced
the activation of many late origins prompted us to determine
whether there was a diminution of early origin firing as a conse-
quence of advanced late origin firing. We developed qBrdU-seq
to correctly quantify the relative levels of origin firing between ex-
periments by enabling direct normalization of the results without
reliance on specific inferences or statistical methods for normaliza-
tion, which depend on potentially flawed assumptions about the
quality and distribution of the data. Our method is similar to the
recently developed Bar-ChIP method for analysis of ChIP-seq
data (Chabbert et al. 2015). Comparison of qBrdU-seq to common-
ly used normalization methods demonstrated the superiority of
this new approach. The method also eliminates multiple technical
sources of variation by processing pooled samples, which simpli-
fies processing and reduces reagent costs while facilitating sample
replication. The qBrdU-seq analysis showed that Fkh1-OE stimu-
lated more total initiations in early S phase, especially at normally
later origins (Figs. 2, 4).

Orrigin firing and replication fork
progression

Subtelomeric While Fkh1-OE increased the overall ori-

0.20 n=8 gin initiation rate in early S phase (Figs.

— 2G, 4C), the overall length of S phase

g based on bulk DNA measurement by
4 0.10

flow cytometry was similar to WT cells
0.05- (Supplemental Fig. S1B), suggesting that
some compensation occurs to slow repli-
cation in cells with Fkh1-OE. The qBrdU-
seq analysis demonstrated that the high-
er overall initiation rate in cells with
Fkh1-OE was not accompanied by a re-
06+ duction of early origin firing, measured
041 as the BrdU peak height. Indeed, despite
4 the substantial increase in late origin fir-
0.2 ing in HU and in the earliest time point

T in the time-course experiment, the earli-
est origins still showed higher initiation
levels than without OE (Figs. 3A, 4A,C).
Instead, the qBrdU-seq revealed that
DNA synthesis at replication forks ema-
nating from the earliest origins was re-
duced (Fig. 4B). As a result, cells without
Fkh1-OE were largely able to catch up
in the replication program. This effect
on replication forks is probably not limited to replication forks
from the earliest origins, but those are the most easily measured
due to the difficulty of tracking forks from later origins.

The slower fork progression as a result of higher levels of ori-
gin firing is in accord with our recent study demonstrating an in-
verse relationship between origin firing levels and fork rate in
cells with different initiation levels (Zhong et al. 2013). In addi-
tion, previous studies involving the combined overexpression of
multiple replication initiation proteins resulting in advanced late
origin firing also showed decreased quantities and lengths of rep-
lication intermediates from early origins (Mantiero et al. 2011;
Tanaka et al. 2011); however, the presence of HU in those experi-
ments complicated a definitive conclusion about the quantitative
effects on overall origin firing as well as fork rate. The qBrdU-seq
method allows direct comparison of relative replication levels at
all loci across the genome.

Interestingly, the increased origin firing and consequent fork
slowing occurs without triggering detectable replication stress sig-
naling via Rad53 phosphorylation (Fig. 4D). The previous studies
involving overexpression of replication initiation factors came to
different conclusions regarding Rad53 activation in cells exhibit-
ing advanced late origin firing (Mantiero et al. 2011; Tanaka
etal. 2011). Mantiero et al. observed transient, low-level activation
of Rad53 in cells overexpressing Sld2, Sld3, Dbf4, and Dpb11 in ad-
dition to overexpressing Cdc45 and Sld7 or having a deletion of
RPD3. In the latter case, the cells appeared to complete bulk
DNA replication more rapidly, which may explain the induction
of a replication stress response. In both of those overexpression
regimens, deletion of SMLI1, which increases dNTP pools, sup-
pressed Rad53 activation, indicating that the cause of Rad53 acti-
vation was related to dNTP depletion. In contrast, Tanaka et al.
observed no Rad53 activation in cells overexpressing Cdc4S,
Sld3, and SId7, which advanced late origin firing but did not alter
the overall rate of S phase according to bulk DNA content analysis.
It would appear that the conditions of Mantiero et al. cause a
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greater increase in the replication capacity than the conditions of
Tanaka et al. Fkh1-OE also stimulates additional origin firing with-
out significantly increasing the total rate of S phase or inducing
replication stress but does so without increasing the levels of other
replication initiation proteins, suggesting that it acts to increase
the ability of replication origins to accrue the available initiation
factors rather than altering the overall capacity for replication.

Fkhl programs replication origin timing in Gl phase

We further addressed the idea that Fkh1 acts to enhance origins’
ability to accrue replication factors by examining Fkh1’s ability
to stimulate an origin in subtelomeric chromatin, which is gener-
ally repressive for origin function. Given the established view that
replication timing is established in early G1 phase (Raghuraman
et al. 1997; Dimitrova and Gilbert 1999), it is remarkable that in-
duction of Fkh1-OE in G1-arrested cells is able to stimulate the ear-
lier activation of many late origins throughout the genome,
including in subtelomeric regions (Fig. 6). We examined Fkh1’s
ability to stimulate origin function within heterochromatin in a
well-defined system with ARS305, a Fkh-activated origin, inserted
into the subtelomeric ARS501 locus, which is programmed to rep-
licate late. Indeed, ars501A::ARS305 failed to initiate early in the
absence of Fkh1/2 function but showed robust activation in early
Sphase upon induction of Fkh1-OE in late G1 (Fig. 6C). Thus, Fkh1
can reprogram origin timing within established subtelomeric het-
erochromatin. In contrast, overexpression of limiting replication
factors only weakly activated heterochromatic origins when the
chromatin structure was altered by deletion of the histone deacety-
lase RPD3 (Mantiero et al. 2011). These findings further support
the conclusion that Fkh1 stimulates origin initiation by altering
origin properties that regulate the accrual of replication initiation
factors. Together with our recent finding that Fkh1/2 binds origins
in G1 phase (Ostrow et al. 2014), Fkh1 binding appears to define
the timing decision point for many origins in S. cerevisiae. That
Fkh1 can reprogram timing in late G1 also argues against the
idea that events associated with the timing of ORC binding or ef-
ficiency of MCM loading determine subsequent origin timing
(Wu and Nurse 2009; Yang et al. 2010).

Fkh1/2 likely alters the chromatin and subnuclear localiza-
tion of origins. Our previous study showed that Fkh1 and Fkh2
are required for the spatial clustering of early replication origins
in G1 phase (Knott et al. 2012). While it remains unclear how
this function of Fkh1/2 is executed, the FHA domain of Fkh1 plays
a critical role in donor preference in mating-type switching, which
involves a long-range interaction between distal chromosomal se-
quences. The mechanistic implication is that the phosphopeptide
binding function of the FHA domain mediates interaction be-
tween chromatin-bound Fkh1l at the recombination enhancer
and an as yet to be identified phosphoprotein at the distal MAT lo-
cus. Origin regulation also requires the Fkh1 FHA domain suggest-
ing that Fkh1 bound at origins functions in a similar manner (SK
Villwock and OM Aparicio, in prep.), albeit presumably targeting
a different phosphoprotein(s), to recruit origins into clusters.
Alternatively, the FHA domain may recruit a rate-limiting initia-
tion factor, which results in the assembly of the origin into a clus-
ter or nascent replication factory. Additionally, Fkh1 and Fkh2
have been reported to recruit chromatin remodelers and histone
deacetylases, which are likely to play a role in determining the sub-
nuclear organization of their target loci (Sherriff et al. 2007; Veis
et al. 2007; Voth et al. 2007; Linke et al. 2013). Future studies
will examine the role of chromatin modifiers and remodelers as ef-

fectors of Fkh1 and whether Fkh1 regulates subnuclear localization
of DNA loci.

Methods

Plasmid and strain constructions and culture methods

Plasmid pCD43, herein referred to as pGAL, contains the GAL1/10
promoter inserted into pRS316 (Shaywitz et al. 1995). The FKH1
ORF was PCR-amplified (with HindIII and EcoRI overhangs added)
from genomic DNA and inserted into HindIII- and EcoRI-digested
pCD43, yielding pGAL-FKH1. The FKH2 ORF was PCR-amplified
(with Spel and NotI overhangs added) from genomic DNA and in-
serted into Spel- and Notl-digested pCD43, yielding pGAL-FKH2.
FKH1-MYC9 was PCR-amplified from genomic DNA of yeast strain
Z0Oy14 with Kpnl and EcoRI overhangs and inserted into Kpnl-
and EcoRI-digested pCD43, yielding pGAL-FKH1-MYC9. The 2.2
kb Sall-Spel GAL-FKH1 fragment from pGAL-FKH1 was inserted
into Sall-Spel-digested pRS405, yielding p405-GAL-FKH1. pASO1-
ARS305 has a 540-bp PCR fragment containing ARS305 inserted
into Spel-Sacl-digested pARS501 (a gift from B. Ferguson) using
the In-Fusion HD Cloning Kit (Clontech). pJBN161 contains
GAP-RNR3 and LEU2 (Desany et al. 1998).

All yeast strains are congenic with W303 and most are derived
from BrdU-incorporating strains CVy61 and CVy63 (Viggiani and
Aparicio 2006); genotypes of all strains are given in Supplemental
Table S2. PCR-amplified DNA sequences were confirmed by DNA
sequencing (Retrogen). Plasmids and integrating constructs were
introduced into yeast by lithium acetate transformation and selec-
tion on appropriate medium (Gietz and Schiestl 2007). Strains
OAy1071 and OAy1073 were derived from crosses of strains
OAy1069 and OAy1070; relevant genotypes were confirmed by
PCR analysis. In the parent strains, ars305A::BrdU-Inc (URA3) was
introduced with Bglll-digested p306-ars305A-BInc, which inte-
grates and replaces 159 bp encompassing ARS305 (Zhong et al.
2013). ARS305 was swapped for ARS501 in two steps: arsSO1A:
URA3 (Candida albicans) was constructed by PCR using long-oligo-
nucleotides and pAG61 as the template (Addgene). Next, ARS305
was introduced with HindllII-digested pA5S01-ARS305, which re-
places URA3 (C. albicans) and was selected for on 5-FOA. The result-
ingars501A::ARS305, replaces ~270 bp encompassing ARS501 with
~540 bp encompassing ARS305. GAL-FKH1 (LEU2) was integrated
at the leu2 locus by loop-in of BstEIl-digested p405-GAL-FKH1.

For late G1 block, induction, and release, cells (preselected on
SD-URA for plasmid as appropriate) were inoculated into YEP+2%
raffinose at 25°C, grown to mid-log phase, and blocked in G1 by
incubation (at O.D. ~0.5) in fresh YEP+2% raffinose +7.5 nM a-
factor at 25°C for 3 h. For induction, cells were pelleted and resus-
pended in YEP+2% galactose +7.5 nM a-factor at 25°C for 2 h, and
cultures were released into S phase by centrifugation and resuspen-
sion (at O.D. ~1.0) in fresh YEP+2% galactose +200 pg/mL Pronase
E (Sigma-Aldrich, P5147) and sonicated to disperse cells. Early S
phase analysis of replication was performed by including 0.2 M
HU (Sigma-Aldrich, H8627) and BrdU at 400 pg/mL (Sigma-
Aldrich, B5002) for 60 min at 25°C. For the time-course experi-
ment, BrdU was used at 800 pg/mL. BrdU IP was carried out with
anti-BrdU antibody (Invitrogen, 033900) at 1:1000. Bulk DNA con-
tent analysis was performed as described previously (Zhong et al.
2013). Immunoblot analysis of Fkh1 was performed with anti-
Fkh1/2 antibody (Casey et al. 2008) at 1:1000. Anti-HA antibodies
12CAS and 16B12 (Covance) were used at 1:1000.

qBrdU-seq

Genomic DNA isolation has been described previously (Viggiani
et al. 2010). Genomic DNA was sheared to ~300 bp average using
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a Covaris S2 instrument. One microgram sheared DNA was end-
repaired and ligated with a barcoded, Illumina-compatible adapter
as described (Dunham and Friesen 2013), using the NEBNext Ultra
End Repair/dA-Tailing Module (E7442) and NEBNext Ultra
Ligation Module (E7445). Adapter-ligated genomic DNA was puri-
fied and its concentration was determined by spectroscopy
(Nanodrop). Equal amounts of multiple such barcoded DNA sam-
ples were pooled; 20 ng were set aside as “Input” and 1 pg of this
pool was subject to BrdU-IP as described previously except that
salmon sperm DNA was omitted (Viggiani et al. 2010). The IP
and Input DNA samples were PCR-amplified separately with in-
dexed Illumina-compatible primers. Amplified DNA was isolated
using AMPure beads (Beckman Coulter, A63880) and validated
and quantified on a Bioanalyzer (Agilent), and pooled. DNA se-
quencing (50 bp paired-end) was performed on a NextSeq instru-
ment (Illumina) by the NextGen Sequencing Core of the USC
Norris Cancer Center.

Analysis of qBrdU-seq data

Barcodes were split using the fastq-multx barcode splitter (http://
code.google.com/p/ea-utils). Sequence libraries were aligned to
S. cerevisiae genome release r.64 using Bowtie 2 (Langmead and
Salzberg 2012). The first 5 bp were trimmed from the 5’ end to ac-
count for the barcode and allow for proper alignment. Aligned se-
quences were sorted and binned into 50-bp nonoverlapping bins
(Li et al. 2009; Quinlan and Hall 2010), normalized by dividing
each IP bin by its corresponding Input bin, yielding an IP:Input ra-
tio, which was median-smoothed over a 500- or 2000-bp window
for HU or time-course experiments, respectively. Experimental
replicates were averaged and data were arbitrarily scaled, setting
“1” for the maximum average WT signal by dividing all samples
within a gBrdU-seq pool by the same value (i.e., the maximum av-
erage WT signal); in the time-course experiment, all time points
were scaled to the maximum signal in WT among the time
points. This optional scaling step was carried out only to facilitate
comparisons between different qBrdU-seq experiments; it does
not alter the quantitative comparison between pooled samples.
BrdU peaks were called using MACS (P<0.01) (Zhang et al. 2008).
Origin peaks were subjected to Diffbind (using DESeq) analysis (ad-
justed P<0.05) for calling of differential peak sizes (Anders and
Huber 2010; Stark and Brown 2013), and called peaks were inter-
sected among replicates. Only origin peaks identified within all
three replicates of each strain were included in further analysis.

ChIP-chip

ChIP-chip was performed and analyzed as described previously
with three independent replicates (Ostrow et al. 2014).

RNA-seq library preparation

One and one-half milliliters of culture were harvested, washed
with TBS, pelleted, flash-frozen, and stored at —80°C. Total RNA
was isolated using the MasterPure Yeast RNA Purification kit
(Epicentre Biotechnologies, MPY03010). Poly(A) transcripts were
isolated from 5 pg of total RNA using the NEB Poly(A) mRNA
Magnetic Isolation kit (Epicentre, E7490S). First- and second-
strand cDNA synthesis was carried out using the NEBNext FSS
and SSS kits (NEB, E7525S and E6111S). cDNA was amplified by
the standard Illumina protocol with inclusion of indexes for mul-
tiplexing. DNA sequencing (50 bp paired-end) was carried out on
an Illumina HiSeq instrument by the FSU College of Medicine
Translational Science Laboratory.

Analysis of RNA-seq data

To align reads and call differential expression of RNA transcripts,
reads from two independent replicates, per condition, were first
aligned using the TopHat2 sequence aligner (Kim et al. 2013) to
S. cerevisiae genome release r.64 along with a known transcript
file (.gtf format). Aligned reads were next subjected to the
Cuftlinks transcript assembly and differential expression pipeline
including Cuffdiff to call differentially expressed transcripts
(FDR<0.01) (Trapnell et al. 2010). Gene ontology analysis was
performed with the GO term finder and GO slim mapper available
at yeastgenome.org

Data access

The sequencing data from this study have been submitted to the
NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE71052.
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