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Figure S1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. Supplemental Results about Subnuclear Localization of Replication Initiation Proteins during the Cell Cycle, 
Related to Figure 2 
 
(A) Representative time-lapse images of a cell (T7637; GFP-TUB1 [α-tubulin] and SPC42-mCherry NIC96-mCherry) progressing 
from anaphase to G1 phase in asynchronous culture. Size bar, 1 μm. 
 
(B) Cdc7 and Sld7 signals appear in this order at centromeric regions from telophase to G1 phase. Representative time-lapse images 
of a cell (T9233) with CDC7-mCherry SLD7-GFP SPC42-CFP NIC96-CFP in asynchronous culture. Size bar, 1 μm. 
 
(C) Disappearance of the Sld7 signals is followed by initial formation of replication factories on centromeric regions at the G1/S 
boundary. Representative time-lapse images of a cell (T8772) with SLD7-GFP mCherry-PCNA SPC42-CFP NIC96-CFP in 
asynchronous culture. Size bar, 1 μm. 
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Figure S2 
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Figure S2 
Figure S2. Supplemental Results about the Role of the Ctf19 Complex in Early Replication of Centromeric Regions, Related 
to Figure 3 
 
(A) List of genes whose mutations were examined for Sld7 localization on centromeric regions in telophase to G1 phase. We 
visualized Sld7, rather than Sld3, because Sld7 showed higher signal intensity near the SPB in wild-type cells, although both showed a 
similar localization pattern. Genes marked in orange were required for the Sld7 localization near the SPB. These candidate regulators 
for DDK and Sld7 include the factors that are associated with centromeres/kinetochores and involved in DNA replication/sister 
chromatid cohesion. More specifically, we initially chose these candidate genes for screening for the following reasons. BUB3, 
MAD2; they may inhibit APC/C activity at centromeres in telophase/G1 phase. CTF3; it was identified in a screening of factors 
regulating initiation of DNA replication (Ma et al., 2010). CDC5, BIR1, MSA1, RIF1, SLK19; they associate with Cdc7 or Dbf4 in 
yeast two-hybrid or by co-immunopurification (Hardy and Pautz, 1996; Ho et al., 2002; Matos et al., 2008; Miller et al., 2009; 
unpublished results). CAC1, HIR1, SIR1; they facilitate formation of centromeric chromatin (Lopes da Rosa et al., 2011; Sharp et al., 
2003). CSM1, LRS4, MAM1 (monopolin complex); they are recruited to kinetochores in a DDK-dependent manner in meiosis, and 
Lrs4 is copurified with DDK (Lo et al., 2008; Matos et al., 2008). RPD3, SET2, RIF1; they regulate initiation time of replication 
origins (Knott et al., 2009; Lian et al., 2011; Pryde et al., 2009). SCC1, SCC2; they are enriched at centromeres and pericentromeres 
(Blat and Kleckner, 1999; Lengronne et al., 2004; Tanaka et al., 1999). Note that Ndc10 is an inner kinetochore component and, in 
ndc10-1 mutant cells, centromeres detach from the spindle pole and the Ctf19 complex (and other kinetochore components) fails to 
localize at the centromere/kinetochore (De Wulf et al., 2003; Goh and Kilmartin, 1993). 
 
(B) Centromere clustering near the SPB is not affected in ctf19Δ cells. Wild-type (WT, T9800) and ctf19Δ (T9801) cells with 
CEN2-tetOs tetR-CFP SPC42-mCherry NIC96-mCherry cells were observed by time-lapse imaging in asynchronous culture, and cells 
in telophase to G1 phase were selected. The mean distance between the SPB and CEN2 at three consecutive time points was 
calculated just before SPB repositioning (Figure S1A), which followed spindle disassembly. The error bars indicate standard 
deviation. Size bar, 1 μm.  
 
(C) Replication factories were initially formed near the SPB in fewer ctf19Δ cells. Wild-type (WT, T8375) and ctf19Δ (T9681) cells 
with GFP-PCNA SPC42-mCherry NIC96-mCherry were observed by time-lapse imaging in asynchronous culture. The patterns of 
initial replication factory formation were classified as near SPB (magenta), another site (orange), and multiple sites (blue). Size bar, 1 
μm. 
  



 4 

Figure S3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3. Whole-Genome Replication-Timing Profile of ctf19∆ and DBF4-myc Cells, Related to Figures 3 and 4 
 
Replication timing profile for the whole genome of wild type (WT [DBF4 no tag], T9475, black dots), ctf19Δ (T10117, red dots) and 
DBF4-myc (T9476, blue dots) homozygous diploid cells. Smoothed lines are added to both graphs 
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Figure S4 
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Figure S4 
Figure S4. Supplemental Results about the Role of DDK at Kinetochores in Early Replication of Centromeric Regions, 
Related to Figure 4 
 
(A) Addition of tags to Dbf4 C-terminus reduces Sld7 accumulation at centromeric regions in telophase to G1 phase. DBF4 (no tag) 
(T8613), myc-DBF4 (N-terminally tagged, T9293), and DBF4-myc (C-terminally tagged, T9396) cells with SLD7-GFP 
SPC42-mCherry were observed by time-lapse imaging in asynchronous culture, and cells in telophase to G1 phase were selected. Size 
bar, 1 μm. 
 
(B) Replication factories are initially formed near the SPB in fewer DBF4-myc cells. DBF4 (no tag) (T8375) and DBF4-myc (T9395) 
cells with GFP-PCNA SPC42-mCherry NIC96-mCherry were observed by time-lapse imaging in asynchronous culture. The patterns 
of initial replication factory formation were classified as in Figure S2C. Size bar, 1 μm. 
 
(C) The association of Dbf4 with replication origins in G1 phase. HA-DBF4 (T9945), HA-DBF4-myc (T9979) and 
HA-DBF4-FRB (T10360) cells were treated and analyzed as in Figure 3C. The error bars indicate standard deviation. 
 
(D) The association of Dbf4 with centromeres, but not with replication origins, is impaired when DBF4 is tagged at its C-terminus. 
The ratio of Dbf4 enrichment between HA-DBF4 and HA-DBF4-myc is plotted at each centromere (CEN) and replication origin (ARS) 
using ChIP-seq data. The error bars indicate standard deviation. Replication origins within 2 kb from centromeres were excluded from 
this analysis because the peak on these origins cannot be distinguished from the peak found on centromeres. 
 
(E) FACS analysis of DNA content of DBF4 (no tag) (T7107) and DBF4-myc (T9394) cells. The cells were treated with α factor and 
then released to fresh medium. 
 
(F) Artificial tethering of Dbf4-FRB to Ctf19-FKBP restores the initial formation of replication factories near the SPB. 
Asynchronously growing cells with GFP-PCNA DBF4-FRB CTF19-FKBP12 SPC42-mCherry (T10216) were incubated in the 
presence and absence of 10 µM rapamycin and were observed by time-lapse imaging every 30 sec. 0 sec is the time point immediately 
before initial replication factory formation (appearance of globular GFP-PCNA signals). Upon S phase onset, the patterns of initial 
replication factory formation were classified as in Figure S2C. Size bar, 1 μm. 
 
(G) Replication timing of origins in wild-type (WT) and ctf19Δ cells. Difference in replication timing (y-axis) between wild-type (WT) 
and ctf19Δ is plotted for origins against the distance from the centromere (x-axis). A regression curve is shown as a black line. 
 
(H) Pericentromeric origins up to 15–20 kb from centromeres show reduction in their association with Sld7 in DBF4-myc cells. The 
ratio of Sld7 enrichment is plotted as in Figure 4H. 
 
(I) The extent of a delay in replication of pericentromeres with DBF4-myc and ctf19Δ is explained by the positions of replication 
origins in the following three examples. At the CEN12 pericentromere (left), two ARSs (ARS1208 and ARS1209) are very close to 
CEN12 and their replication initiation is severely delayed in DBF4-myc and ctf19Δ. In contrast, the next origins (ARS1206.5 and 
ARS1210) are far outside of the pericentromere, resulting in a considerable delay in replication of this region. At the CEN13 
pericentromere (middle), ARS1309 is very close to CEN13 and its replication initiation is delayed in DBF4-myc and ctf19Δ cells. 
However, at the right hand side of CEN13, an early firing replication origin (ARS1310) is present just outside the ±15 kb centromeric 
region. Replication initiation at this origin (which occurs without a delay) reduces a delay in replication of the region at the right of 
CEN13 in DBF4-myc and ctf19Δ cells. In comparison, at the left hand side of CEN13, the next early firing origin (ARS1308) is distant 
from CEN13. Thus, a delay in replication initiation at ARS1309 leads to a delay in replication at the left of CEN13, without 
compensation, in DBF4-myc and ctf19Δ cells. At the CEN4 pericentromere (right), two ARSs (ARS415 and ARS416) are located 
within 10–15 kb from CEN4 and their replication is modestly delayed in DBF4-myc and ctf19Δ cells. The next origins (ARS414 and 
ARS417) are outside of ±15 kb region but they are relatively near CEN4 in contrast to the case of the CEN12 pericentromere. Such 
positioning of replication origins results in a modest delay in replication of this region. 
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Figure S5 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5. Supplemental Results about the Role of DDK at Kinetochores in Robust Pericentromeric Cohesion, Related to 
Figure 5 
 
chl4Δ and DBF4-myc chl4Δ cells show similarly weakened pericentromeric cohesion. DBF4 (no tag) CHL4+ (T10141, n=395), 
DBF4-myc (T10142, n=327), chl4Δ (T10269, n=294), and DBF4-myc chl4Δ (T10270, n=267) cells with tetOs at +15 kb from CEN12 
were treated and analyzed as in Figure 5A. The weakness of pericentromeric cohesion in chl4Δ cells was not further enhanced by 
combination of DBF4-myc with chl4Δ. The result is consistent with the notion that the Ctf19 complex and DDK at kinetochores work 
in the same pathway to enhance pericentromeric cohesion. 
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Figure S6 
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Figure S6 
Figure S6. Supplemental Results about the Role of DDK at Kinetochores in Cohesin Loading to Pericentromeres, Related to 
Figure 6 
 
(A) FACS analysis of DNA content. Cells in Figure 6A were analyzed after release from α factor arrest. 
 
(B) Negative correlation is found at pericentromeres of DBF4-myc cells between the delay in replication timing (x-axis) and the 
reduction in Scc1 enrichment (y-axis) at 30 min. The ratio of Scc1 enrichment (DBF4 [no tag] / DBF4-myc), obtained in the ChIP-seq 
analysis at 30 min (i) and 60 min (ii), was plotted at each Scc1 peak within ±10 kb from centromeres, against the difference in 
replication timing at the same locus (copy number DBF4 [no tag] - DBF4-myc; Figures 4C, S3). At 60 min, when most cells had 
completed S phase in both DBF4 (no tag) and DBF4-myc (see [A]), there was no significant correlation between the Scc1 enrichment 
ratio and the difference in replication timing (ii). At 30 min, when the replication timing difference was small (< 0.2), the average 
Scc1 enrichment ratio (~1.5) was similar to that at 60 min. However, there was a tendency, at 30 min, for the Scc1 enrichment ratio to 
decrease (towards ~1.0) as the delay in replication timing with DBF4-myc increased (i). This tendency may be explained as follows: 
At 30 min after release from α factor, most cells were in early S phase (see [A]) when most centromeres would be replicated with 
DBF4 (no tag) but some of them (e.g. CEN9, CEN12, and CEN16) would show a delay in replication with DBF4-myc (Figure S3). If 
pericentromeric DNA from the ChIP fraction did not increase proportionally to that in the WCE fraction immediately after DNA 
replication (e.g. the amount of associated Scc1 may not be doubled immediately after DNA amount being doubled due to replication, 
or the efficiency of Scc1 crosslinking to DNA may be reduced temporarily after replication), the replication delay with DBF4-myc 
would give a bias towards a higher value of ChIP/WCE (which gives Scc1 enrichment), relative to that with DBF4 (no tag). In turn, 
this would give a bias towards a lower Scc1 enrichment ratio (DBF4 [no tag] / DBF4-myc). Consistent with this, Cdc6 depletion 
(therefore replication inhibition) leads to a higher value of ChIP/WCE for Scc1, compared with wild-type cells (Figure S2 in Fernius 
et al., 2013). If the above explanation is correct, the reduction of Scc1 at pericentromeres with DBF4-myc was underestimated in ChIP 
at 30 min for a subgroup of pericentromeres where replication was delayed considerably.  
 
(C) FACS analysis of DNA content. Cells in Figure 6D were analyzed after release from α factor arrest. 
 
(D) Scc2 accumulation near the SPB in G1 phase becomes less frequent in DBF4-myc cells. (i) Time-lapse sequence of a 
representative cell with SCC2-GFP SPC42-mCherry NIC96-mCherry (T10339) from metaphase to G1 phase in asynchronous culture. 
Size bar, 1 μm. (ii) In DBF4 (no tag) (T10342) and DBF4-myc (T10338) cells with SCC2-GFP SPC42-mCherry, patterns of Scc2 
signals were classified in G1 phase as showing a strong focus (magenta), a weak focus (orange), and no focus near the SPB (blue). In 
control metaphase cells (untagged DBF4), Scc2 localized in the vicinity of separated SPBs, where bi-oriented sister centromeres 
should be clustered ([i] Meta), consistent with a previous report (Hu et al., 2011). These Scc2 foci disappeared at anaphase onset and 
reappeared in G1 phase ([i] Ana to G1). In the larger mother cell (top right), the Scc2 accumulation occurred earlier than in the 
smaller (bud-derived) daughter cell (bottom left) ([i] 44 min vs 57 min), which needed to spend longer growing before it reached 
START (late G1), suggesting that Scc2 accumulated near SPB in late G1 rather than in early G1. This is consistent with a recent 
finding that Scc2–Scc4 association at centromeres requires cohesin Scc1 that accumulates in the nucleus in late G1 (Fernius et al., 
2013). The Scc2 foci in the proximity of the SPBs may indeed represent Scc2 localization at centromeres and we found that the Scc2 
foci in G1 phase became considerably weaker in DBF4-myc cells (ii). 
 
(E) Cdc7 kinase activity is required for Scc2 accumulation at centromeric regions in G1 phase. Wild-type (WT, T10574) and cdc7-as3 
(T10575) cells with SCC2-GFP SPC42-4mCherry were treated with α factor and released into medium with 20 µM PP1 (inhibitor). 
Images were acquired at 25 min after release from α factor (late G1 phase). Patterns of Scc2 signals were classified as in (D) ii. Size 
bar, 1 μm.  
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Figure S7 
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Figure S7 
Figure S7. Supplemental Results about Independent Regulation of Replication Timing and Pericentromeric Cohesion by DDK 
at Kinetochores, Related to Figure 7 
 
(A) FACS analysis of DNA content of CDC6+ (WT, T10558) or GAL-CDC6 (T10559) cells used in Figure 7A. Cells were treated 
with α factor in medium with raffinose and galactose (RG: GALp ON). Cells were then released into fresh RG medium (G1 release). 
After 30 min (late G1/early S phase), they were transferred to medium with glucose (D: GALp OFF) to start depletion of Cdc6. 
 
(B) ars919 and ars920 mutations show loss of the ARS activity. The ars919 and ars920 mutations are 6 bp replacement within the 
core of the ARS consensus sequence (ACS) in ARS919 and ARS920 (Siow et al., 2012), respectively. Colony growth was analyzed on 
uracil drop-out medium, 4 days after URA3 plasmids (pRS306) with ARS919, ars919, ARS920, or ars920 had been used for 
transformation of ura3 auxotroph cells. 
 
(C) Cohesin is not required for initial formation of replication factories near the SPB. GAL-SCC1 cells with GFP-PCNA 
SPC42-mCherry (T9109) were treated with α factor in medium with raffinose and galactose (RG). Cells were then released into RG 
medium without α factor. After 45 min, they were transferred to RG medium (GALp ON) or D medium (GALp OFF). After 75 min 
(after the majority of cells completed cytokinesis), they were observed every 20 sec with time-lapse imaging. Patterns of PCNA 
signals were classified as in Figure S2C. 
 
(D) Artificial tethering of Scc2-FRB to Ctf19-FKBP in DBF4-myc cells failed to restore Sld7 localization at centromeric regions. 
SLD7-GFP SPC42-mCherry NIC96-mCherry cells with the indicated alleles of DBF4, SCC2, and CTF19 ([1] T10584, [2] T10585, 
[3] T10587) were treated with α factor for 2.5 hrs in the presence of 10 µM rapamycin. Sld7 localization patterns were classified as 
exclusively near SPB (magenta), near SPB and other sites (orange), and no focus near SPB (blue). 
 
(E) Loss rate of chromosome 9 in ars919 ars920 and DBF4-myc cells in the presence and absence of spindle assembly checkpoint 
function. (i) An assay to evaluate the loss rate of chromosome 9. It was shown that loss of one chromosome 9 is followed by 
duplication of another chromosome 9, resulting in loss of heterozygosity (Reid et al., 2008). (ii) The delay in replication of 
centromeric regions causes chromosome instability. Chromosome loss rate per cell division was calculated from three independent 
experiments, using wild-type (WT; DBF4 no tag) (T10649), DBF4-myc (T10917), ars919 ars920 (T10650), mad2Δ (T10879), 
DBF4-myc mad2Δ (T10919) and ars919 ars920 mad2Δ (T10881) homozygous diploid cells with KlURA3 and KlTRP1 on one 
chromosome 9 as shown in (i). The error bars indicate standard deviation. Relative loss rate (WT is set to 1) is shown in parentheses 
(right). In contrast to the CFIII assay (Figure 7D), DBF4-myc did not show a significant increase in loss rate of chromosome 9 
(p=0.39), suggesting that the effect on chromosome stability might be influenced by other factors such as a chromosome length 
(chromosome 9 is larger than CFIII). In contrast, ars919 ars920 showed a slight increase in loss rate (p=0.0083) relative to wild-type 
although the delay in replication of the centromeric region on chromosome 9 was similar between ars919 ars920 and DBF4-myc in 
the replication profile (Figure 7B). The difference between ars919 ars920 and DBF4-myc may be explained as follows: Because both 
origins are completely inactive in ars919 ars920, in contrast to DBF4-myc in which they may still fire later in S phase (indeed small 
peaks were found at pericentromeric origins with DBF4-myc; Figure S3), a small population of ars919 ars920 cells may experience 
an extreme delay in replication of the centromeric region if neighboring origins fail to fire, and these cells could contribute to an 
increase in the loss rate of chromosome 9. Thus, even if DBF4-myc could both weaken pericentromeric cohesion and delay replication 
of centromeric regions, its total chromosome loss rate could be still lower than ars919 ars920. Remarkably, both DBF4-myc and 
ars919 ars920 synergistically increased the chromosome loss rate in the absence of spindle checkpoint function (mad2Δ). These 
results suggest that early replication of centromeric regions as well as robust sister chromatid cohesion (Eckert et al., 2007; Ng et al., 
2009) is important for high-fidelity establishment of proper kinetochore–microtubule attachment. 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
 
Yeast genetics and molecular biology 

 

All yeast strains are in the W303 genetic background with wild-type RAD5 and BUD4 

genes (T7107), which are mutated in the original W303 strain (Fan et al., 1996; Voth 

et al., 2005), unless otherwise stated. Methods for yeast culture, treatment with 

α-factor, and FACS DNA content analysis were as described previously (Amberg et 

al., 2005; Tanaka et al., 2007). Cells were cultured at 25 ºC in YP medium containing 

2% glucose, unless otherwise noted. To activate and suppress the GAL1-10 promoter 

(PGAL), cells were incubated in medium containing 2% galactose (plus 2% raffinose) 

or 2% glucose, respectively. To activate and suppress the MET3 promoter (PMET), 

cells were incubated in methionine-drop-out media or synthetic complete media plus 

additional 2 mM methionine (both with appropriate carbon source), respectively. 

 

Constructs of TetR-3×CFP (Bressan et al., 2004), PGAL-CDC6 (Piatti et al., 1996), 

PGAL-orc2-1 (Shimada and Gasser, 2007), PMET-CDC20 (Uhlmann et al., 2000), 

PGAL-SCC1 (Uhlmann and Nasmyth, 1998), CDC28-4×GFP (Maekawa et al., 2003), 

GFP-TUB1 (Straight et al., 1997), POL1-3×GFP (Kitamura et al., 2006), 

MTW1-3×CFP (Maure et al., 2011), NDC80-3×CFP, and NET1-4×mCherry 

(Renshaw et al., 2010) were previously described. In yeast strains with PGAL-CDC6, 

PGAL-orc2-1, PMET-CDC20 or PGAL-SCC1, the relevant gene was the only functional 

gene in the cells. Deletion mutants were created by a one-step PCR method using 

KlURA3 (pUG72), KlLEU2 (pUG73), kanMX6 (pUG6), KlTRP1 (pYM23), or 

hphNT1 (pFA6a-hphNT1) cassettes as PCR templates (Guldener et al., 1996; Janke et 

al., 2004). Mutant alleles cdc7-4 (Bousset and Diffley, 1998), bir1-17 (Makrantoni 

and Stark, 2009), and ndc10-1 (Goh and Kilmartin, 1993) were previously reported. 

To inhibit the kinase activity of Cdc7, cells with the cdc7-as3 allele were treated with 

20 μM of PP1 (4-amino-5-[4-methylphenyl]-7-[t-butyl]pyrazolo-d-3,4-pyrimidine, 

Merck), as described previously (Wan et al., 2006). 

 

CDC7, SLD3, SLD7, SLD2, CDC45, and CLB5 were tagged with three tandem copies 

of GFP; CDC7, SPC42, and NIC96 with four tandem copies of mCherry; SCC2 with 

a single copy of GFP; SLD3, SLD7, SCC1, and SCC2 with 6×HA at their C-termini at 
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their original gene loci by a one-step PCR method, using 3×GFP-kanMX6 (pSM1023; 

Maekawa et al., 2003), 4×mCherry-natMX6 (pT909), GFP-CaURA3 (pKT209; Sheff 

and Thorn, 2004), and 6×HA-natNT2 (pYM17; Janke et al., 2004) cassettes as PCR 

templates, respectively. pT909 was constructed by multiplying the mCherry gene in 

pKS391 (Snaith et al., 2005). DBF4 was tagged at its N-terminus at its original locus 

by a two-step “pop-in and pop-out” method (Struhl, 1983), using 6×HA (pT1892), 

9×myc (pT1698), and 3×GFP (pT1716). Briefly, a plasmid, which carries URA3 

marker and DBF4 gene tagged at its N-terminus, was linearized within the DBF4 

sequence and integrated at the original DBF4 locus (selected on uracil drop-out 

media), resulting in tandem DBF4 copies there i.e. untagged and tagged ones. 

Spontaneous recombination between these copies, which leads to excision of the 

plasmid backbone including URA3 and one copy of DBF4, was counter-selected on 

5-FOA media. Depending on the location of the recombination, the DBF4 gene tagged 

at its N-terminus remained at its original locus. Alternatively, DBF4 was tagged at its 

C-terminus with 9×myc at its original locus by a one-step PCR method, using 

9×myc-HIS3MX6 (pYM19) or 9×myc-hphNT1 (pYM20) cassettes (Janke et al., 2004). 

When a N-terminally tagged PCNA was the sole source of PCNA, cell growth was 

severely retarded (Kitamura et al., 2006). Therefore, GFP-PCNA (pT1056, TRP1 and 

pT1285, HIS3) and mCherry-PCNA (pT1079, TRP1), both of which were tagged at 

their N-termini, were integrated at auxotroph marker loci with the original PCNA 

locus intact. These strains showed normal growth. 

 

CDC5, CDC7, DBF4 and SCC2 were tagged with an auxin-inducible degron (aid; 

Nishimura et al., 2009) at their C-termini at their original gene loci. Their protein 

degradation was induced within cells carrying rice (Oryza sativa) TIR1 (OsTIR1, 

under the control of a constitutive ADH1 promoter) in the presence of 2 mM auxin 

IAA (indole-3-acetic acid). 

 

To mark CEN2+14kb, CEN9+15kb, and CEN12+15kb pericentromeric loci with 

fluorescence dots, a 400–500 bp genomic fragment (spanning each insertion site) was 

inserted into a plasmid containing both 11.1 kb 256×tetOs (Michaelis et al., 1997) and 

an auxotroph marker, which was subsequently cut within the genomic fragment and 

inserted into each genomic locus. 
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Artificial tethering of Dbf4 and Scc2 
 

To artificially tether Dbf4 and Scc2 to kinetochores, DBF4 was tagged with FRB 

using FRB-HIS3MX6 (pFA6a-FRB-His3MX6); SCC2 with FRB or FRB-GFP using 

FRB-HIS3MX6 (pFA6a-FRB-His3MX6) or FRB-GFP-kanMX6 

(pFA6a-FRB-GFP-kanMX6) cassettes, respectively; CTF19, MTW1, and MIF2 with 

2×FKBP-TRP1 cassette (pFA6a-2×FKBP12-TRP1) at their C-termini at their original 

gene loci by a one-step PCR method (Haruki et al., 2008). For these experiments, 

yeast strains additionally carried TOR1-1, which conferred rapamycin resistance, and 

fpr1Δ mutations. Tethering of FRB and FKBP12 fusion proteins was facilitated in the 

presence of 10 μM of rapamycin. Strains and the number of cells analyzed in these 

experiments are as follows: Figure 5D (1) T10400: n=353, (2) T10404: n=305, (3) 

T10403: n=315, (4) T10402: n=317; Figure 6E (1) T10463: n=394, (2) T10553: 

n=428, (3) T10465: n=365, (4) T10466: n=374. 

 

Detaching centromeres from microtubules 
 

Kinetochores are transiently disassembled and lose microtubule attachment during S 

phase (Kitamura et al., 2007). By inhibiting new kinetochore–microtubule attachment 

during S phase in the presence of nocodazole, centromeres can be efficiently detached 

from microtubules and kept away from SPBs (Figures 1C, 2B). To do this, cells were 

arrested with α factor and then released into S phase in the presence of 15 µg/ml 

nocodazole. To let cells enter the next cell cycle in the absence of 

kinetochore–microtubule attachment, two mitotic checkpoint pathways, spindle 

assembly checkpoint and spindle orientation checkpoint, were bypassed by deleting 

MAD2 and BUB2, respectively (Alexandru et al., 1999). This allowed us to observe 

localization of Cdc7 and Sld7 (telophase/G1 phase) and replication factories (the 



 15 

second S phase) with centromeres kept away from SPB. 

 
Depleting Cdc6 and Orc2 

 
Cdc6 was depleted using GAL-CDC6 allele (Piatti et al., 1996) and the depletion was 

commenced before entry to telophase/G1 phase, as follows. First, cells were treated 

with α factor in medium with raffinose and galactose (RG: GALp ON) for 3 hrs. Cells 

were then released into fresh RG medium. After 30 min (late G1/early S phase), they 

were transferred to medium with glucose (D: GALp OFF) to start depletion of Cdc6. 

Cells were observed under the microscope either in telophase/G1 phase (Figure 2D i, 

7A) or after arrested with α factor again (Figure 2C i). 

 

Orc2 was depleted using GAL-orc2-1 allele (Shimada and Gasser, 2007) and the 

depletion was commenced before entry to telophase/G1 phase, as follows. 

Simultaneous deletion of checkpoint genes, RAD9, RAD24, and MAD2, allowed cells 

to go through mitosis after Orc2 depletion (Shimada and Gasser, 2007). First, cells 

were treated with α factor in medium with RG (GALp ON) for 2 hrs. Cells were then 

transferred to D media (GALp OFF) in the presence of α factor to start depletion of 

Orc2. After 1 hr, cells were released into fresh D media. Cells were observed under 

the microscope either in telophase/G1 phase (Figure 2D ii) or after arrested with α 

factor again (Figure 2C ii). 

 

Microscopy and image analysis 

 
In all microscopy experiments, live yeast cells were observed without any fixation. 

The procedures for time-lapse fluorescent microscopy were described previously 

(Tanaka et al., 2010). Time-lapse images were collected at 25 ºC (ambient 

temperature). For image acquisition, we used a DeltaVision RT microscope (Applied 

Precision), UPlanSApo 100x objective lens (Olympus; NA 1.40), a CoolSnap HQ 

CCD camera (Photometrics), and SoftWoRx software (Applied Precision). CFP, GFP, 

and mCherry signals were discriminated using 89006 multi-band filter set (Chroma). 

We acquired 7–11 z sections (0.7 μm apart), which were subsequently deconvoluted 

and analyzed with Volocity software (PerkinElmer). Single z-stack images were 
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shown in figures when co-localization of two proteins was examined; otherwise the 

images projected to two dimensions were shown. For presenting an overlap between 

two fluorescent signals in a single image, we used green and magenta colours, which 

gave a white colour when colocalized. Statistical analyses were carried out using 

Prism software (GraphPad), by choosing Fisher’s exact test (Figures 2D, 5B, 5C, 5D, 

6E, 7B, S5), chi-square test (Figures 2C, 2E, 4A, 4D, 7A, 7C, S2C, S4B, S4F, S6D-ii, 

S6E, S7C, S7D), and t-test (Figure S2B). We thank the Light Microscopy Facility in 

University of Dundee for technical help. 

 
Chromosome loss assay 

 

Chromosome loss assay (Figure 7D) was performed using the CFIII chromosome 

fragment, as reported previously (Spencer et al., 1990). Cells with ade2 mutation and 

the CFIII chromosome fragment (CEN3.L. YPH278, URA3 SUP11) were cultured in 

medium containing a low concentration of adenine (i.e. no additional adenine to YP 

media). SUP11 on CFIII suppresses the ade2 mutation that renders cells to 

accumulate red pigments. Cells maintaining CFIII form white colonies, while those 

that had lost CFIII form red colonies or red sectors within a white colony. Strains 

used in the experiment are as follows: WT (DBF4 no tag) (K5041), sml1Δ (T9958), 

sml1Δ mec1Δ (T9980), rad52Δ (T9977), mad2Δ (T9865), DBF4-myc (T9814), sml1Δ 

DBF4-myc (T9959), sml1Δ mec1Δ DBF4-myc (T9981), rad52Δ DBF4-myc (T9978), 

mad2Δ DBF4-myc (T9866). The error bars indicate standard deviation obtained from 

two independent experiments. Statistical analyses were carried out using Prism 

software (GraphPad) by choosing t-test. Cells with sml1Δ mec1Δ (Labib and De 

Piccoli, 2011), rad52Δ (San Filippo et al., 2008), and mad2Δ (Musacchio and Salmon, 

2007) mutations are defective in replication/DNA damage checkpoint, 

recombinational repair, and spindle assembly checkpoint, respectively. MEC1 is 

essential for cell viability, but a simultaneous deletion of SML1, the inhibitor of 

ribonucleotide reductase, makes mec1Δ cells alive. 

 

To examine the loss rate of chromosome 9 (Figure S7E), KlURA3 and KlTRP1 genes 

were integrated at HIS5 and near YIL028W loci on one chromosome 9 of diploid cells, 

by a one-step PCR method using pUG72 and pYM23, respectively. Simultaneous loss 
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of KlURA3 and KlTRP1 genes was selected on media containing both 5-FOA and 

5-FAA, which are toxic to Ura+ and Trp+ cells, respectively. Cultures originating from 

single colonies are diluted and plated on media with or without 5-FOA 5-FAA, and 

the fraction of 5-FOAR 5-FAAR cells in the cultures was measured by counting the 

number of colonies that emerged. The rate of chromosome loss per cell division was 

calculated according to the median method as previously described (Lea and Coulson, 

1949). Statistical analyses were carried out using Prism software (GraphPad) by 

choosing t-test. 

 

Introducing mutations at replication origins 

 

A ~1 kb genomic fragment containing wild-type ARS919 or ARS920 was inserted into 

pRS306 plasmid (URA3 marker, no ARS/CEN) to give pRS306-ARS919 (pT2010) 

and pRS306-ARS920 (pT2011). Using these constructs, a central 6 bp of ARS 

consensus sequence (ACS) in each ARS (Siow et al., 2012) was replaced with XhoI 

site (Nieduszynski et al., 2006) using site-directed mutagenesis, which gave 

pRS306-ars919 (pT2017) and pRS306-ars920 (pT2018), respectively. To evaluate 

the activity of these origins, 250 ng of each plasmid was used for transformation of a 

ura3 auxotroph strain, and Ura+ transformants were selected on uracil-drop-out media. 

The ars919 and ars920 mutations were introduced at their original loci by a two-step 

“pop-in and pop-out” method (see above) using pRS306-ars919 (pT2017) and 

pRS306-ars920 (pT2018), respectively. 

 

Replication timing profile 

 

Replication timing profiles were obtained for the whole genome (every 1 kb) using 

homozygous diploid strains as described previously (Müller and Nieduszynski, 2012). 

Briefly, S phase and G2/M phase cells were fractionated from asynchronously 

growing cultures by cell sorting on the basis of DNA content. Then, using high 

throughput DNA sequencing, the number of DNA sequence reads in S phase cells was 

quantified every 1 kb, relative to that in G2/M phase cells. The earlier a sequence is 

replicated in S phase, the more reads of the sequence are obtained in the S phase 

sample. Thus the number of reads, represented as between 1.0–2.0, can be interpreted 
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as relative replication timing in S phase. Smoothed lines were generated using a 

Fourier transformation (see the above reference). The locations of replication origins 

were shown in the profiles, based on the DNA replication origin database, OriDB 

(Siow et al., 2012). To test the statistical significance of the difference in replication 

timing, we calculated the z-score; i.e. by how many standard deviations the difference 

at each data point (every 1 kb) is above or below the mean of the genome-wide 

difference plots. Based on the z-score, we calculated the probability (p-value) that the 

pairs of data points (from two strains) belonged to the same population. Genomic 

locations where the pairs of data points have p-value ≤0.001 and ≤0.005 were shown 

as black and grey bars, respectively, on the top of the replication timing profiles. The 

details of these statistical analyses will be reported elsewhere. Difference in 

replication time at origins (Figures 4E, 4F, S4G) was obtained based on the smoothed 

lines and plotted against the distance from the centromere. A polynomial curve fit 

(polynomial order of 5) was used to generate the regression curve. 

 

Mathematical modeling 

 
We used an analytical model for the spatial dynamics of DNA replication as described 

previously (Retkute et al., 2011, 2012). Briefly, each replication origin was described 

by parameters defining its position on the chromosome, its activation time (the time 

during S phase at which the origin activates) and its competence (the fraction of cells 

in which the origin is biochemically competent to fire – i.e. licensed). For each DBF4 

(no tag) and DBF4-myc strain, the parameters were estimated by minimizing the sum 

of the square of differences between model-calculated and experimental replication 

profiles. Origin firing probability distributions were compared in order to determine 

which origins showed a delay in activation time. 

 

ChIP-qPCR 

 

The procedures are based on the methods described previously (Tanaka et al., 1997) 

with some modifications. Yeast cells were treated with α factor for 2.5 hrs or released 

from the arrest (50 ml, 1.0–2.0 × 107 cell/ml). For crosslinking, cells were incubated 

with 1% formaldehyde for 20 min at 25 ºC. Glycine was added to a final 
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concentration of 125 mM and the incubation continued for 10 min. Cells were 

harvested and washed three times with ice-cold TBS, and 1.25 × 108 cells were 

transferred to each 1.5 ml tube. For cell breakage, 300 μl of lysis buffer and glass 

beads were added to the tube (see the above reference). The cell lysate was sonicated 

either with Soniprep 150 (MSE, 20 sec × 12 times with the power level 7) or 

Bioruptor (Diagenode, 30 sec × 30 cycles with 30 sec intervals with high intensity), 

resulting in an average fragment size of 300 bp or 200 bp, respectively. The lysate 

was clarified by centrifugation at 13,000 g for 5 min (whole cell lysate, WCE). For 

immunoprecipitation, 60 μl of magnetic beads (Dynabeads Pan Mouse IgG, 

Invitrogen) were added following pre-incubatioin with an anti-HA monoclonal 

antibody (HA.11, Covance). Precipitates were washed on beads and processed as 

described in the above reference. The immunoprecipitated DNA and input DNA in 

WCE were quantified with quantitative PCR using Rotor-Gene 6000 and SYBR 

Green PCR kit (Qiagen), following the manufactures protocols (two-step PCR 

protocol, three independent PCR reactions for each sample). The ratio of 

immunoprecipitated DNA to total DNA in WCE was normalized as described in each 

figure legend and shown as fold enrichment. In Figure 3B and 6A, the error bars 

indicate standard deviation obtained from three independent PCR reactions. 

 

ChIP-seq and data analyses 
 

Chromatin immunoprecipitation was performed as previously described (Katou et al., 

2003). High throughput sequencing and data processing were carried out as 

previously described (De Piccoli et al., 2012; Nakato et al., 2013). In order to 

minimize any bias in high throughput sequencing, the number of sequence reads from 

the ChIP fraction was divided by that of the corresponding WCE fraction at each site 

after calibration to give “enrichment” values of the examined protein.  

 

To obtain the ratio of Dbf4 enrichment at each replication origin between HA-DBF4 

and HA-DBF4-myc, the mean of enrichment values was calculated between ± 1 kb 

from each replication origin (Siow et al., 2012), and the mean in HA-DBF4 was 

divided by that of HA-DBF4-myc (Figure S4D). The ratio of Dbf4 enrichment at each 

centromere was similarly calculated between ±1 kb from each centromere (Figure 



 20 

S4D). The ratio of Sld3 and Sld7 enrichment at each origin between DBF4 (no tag) 

and DBF4-myc was also calculated similarly (Figures 4H, S4H). 

 

We identified peaks of Scc1 association in ChIP-seq data using the following 

peak-finding algorithm: We start with a region 𝑅 containing an entire chromosome. 

The data are position along the chromosome, 𝑝! , and enrichment value, 𝑐! , 

𝑖 = 1,… ,𝑛. 

 

1. Find the maximum enrichment value 𝑐! at position 𝑝! within region 𝑅. 

2. If 𝑐! > 𝑐!"# , store the discovered peak (𝑝!, 𝑐!) , otherwise stop the 

algorithm; here 𝑐!"# is an arbitrary limit. 

3. Find the left edge of the peak, 𝑝!; follow the decreasing enrichment value for 

𝑗 = 𝑚 − 1,𝑚 − 2,… until the decrease is reversed; in order to ignore little 

wiggles in data we compare 𝑐! with a window of width 𝑤, i.e. we continued 

until such 𝑗 = 𝑙 that 𝑐! < min 𝑐!:  𝑗 − 𝑤 ≤ 𝑘 < 𝑗 . 

4. Find the right edge of the peak, 𝑝!, for 𝑗 = 𝑚 + 1,𝑚 + 2,… using the same 

method. 

5. Exclude data points 𝑝! , 𝑐! , 𝑘 = 𝑙, 𝑙 + 1,… , 𝑟 from region 𝑅. 

6. Repeat steps 1-5. 

The routine is repeated for each chromosome. There are two arbitrary parameters in 

this algorithm, the minimum enrichment value, 𝑐!"#, and the window size, 𝑤. By 

running the algorithm with several values of these parameters and visually inspecting 

the results, we found that 𝑐!"# = 1.5 and 𝑤 = 50 give reasonable results. Note that 

𝑤 = 50  corresponds to the window width of 0.5 kb in our sampling. Below 

𝑐!"# = 1.5 the algorithm picks up a lot of small wiggles which are presumably due to 

noise. Below 𝑤 = 50 we find many “double peaks”, i.e. components of what seems 

to be one peak. This selection of algorithm parameters is conservative and it certainly 

misses some weak and complex peaks. However, our aim is not to identify and 

characterize every peak in Scc1 data, but to find a representative selection of regions 

of increased Scc1 association and compare their enrichment values between the DBF4 

(no tag) and the DBF4-myc. By visually inspecting the detected peaks we confirm that 

the algorithm with these parameters is sufficient for our purpose.  
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To obtain the ratio of Scc1 enrichment at each Scc1 peak, the mean of enrichment 

values was calculated between ± 1 kb from each peak identified in DBF4 (no tag), and 

the mean in DBF4 (no tag) was divided by that of DBF4-myc.  

 

Statistical analyses were carried out using Prism software (GraphPad) by choosing 

t-test (Figure S4D) and Pearson correlation coefficients (Figure S6B). A polynomial 

curve fit (polynomial order of 5) was used to generate the regression curve. In Figure 

4H and S4H, origins within 2 kb from centromeres were excluded from the regression 

analysis because Sld3–Sld7 peaks on these origins cannot be distinguished from the 

peak found on centromeres (see text). 
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