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In the S phase of the eukaryotic cell cycle, 
DNA replication initiates at a number of 
fixed loci, called replication origins, to 
achieve faithful duplication of the large 
genome. However, replication origins do 
not fire simultaneously at the onset of S 
phase, but do so at distinct time points 
under a pre-fixed program that is common 
from yeast to metazoans.1,2 In mammalian 
cells, the replication program is established 
within a specific time window, the timing 
decision point (TDP) in G

1
 phase3 and is 

thought to be coupled with gene expres-
sion during development.4 Although chro-
matin structures and nuclear localizations 
are considered to play roles in such tim-
ing control, details of the mechanisms 
involved have been enigmatic.

The fission yeast Schizosaccharomyces 
pombe is a suitable model organism with 
which to study the mechanism of replica-
tion timing control, because all its early 
and late/dormant replication origins 
have been determined, and its chroma-
tin structures have similarities to those 
in metazoans. Early and late origins are 
scattered along chromosome arm regions 
consisting of euchromatin. Among con-
stitutive heterochromatin regions, the 
pericentromere and the silent mat locus 
replicate early, whereas sub-telomeres rep-
licate later than any other chromosome 
regions.5,6 We have shown previously that 
the heterochromatin protein HP1/Swi6 
recruits Dbf4-dependent kinase (DDK) 
to pericentromeric and mat heterochro-
matin regions to promote early initiation.7 
However, the mechanisms responsible for 
timing control of early and late origins in 
euchromatin and sub-telomeres remain 
unknown.

To elucidate the mechanism of rep-
lication timing control in euchromatin 
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regions, we examined whether a late origin 
is associated with an element that controls 
late replication timing by translocating a 
late origin fragment into the proximity 
of an early origin on the chromosome. 
By labeling newly synthesized DNA with 
BrdU, a heavy-density analog of thymi-
dine and then carrying out classical CsCl 
density gradient centrifugation, we found 
that the fragment containing late origin 
AT2088 repressed early replication of the 
proximal early origin, suggesting that the 
AT2088 fragment contains an element 
that is functional for replication timing 
control (RTC).8

Using systematic deletions and base 
substitutions in the AT2088 fragment, we 
identified the sequence element essential 
for RTC activity in the proximal region 
of the late origin. Disruption of the ele-
ment at the native AT2088 locus caused 
early replication from the locus, show-
ing it is essential for the timing control. 
Interestingly, the element was found to 

contain two copies of a telomeric repeat-
like sequence. The telomere-binding pro-
tein Taz1, a fission yeast counterpart of 
human TRF1/TRF2, is localized at the 
native AT2088 locus, being dependent 
on telomeric repeats. Deletion of the taz1+ 
gene indicates that Taz1 is required for late 
replication control of AT2088. Taz1 pre-
vents loading of an initiation factor Sld3, 
which is dependent on DDK (Fig.  1). 
Moreover, genome-wide analyses of repli-
cation timing in wild-type and taz1Δ cells 
showed that 26 internal and 46 subtelo-
meric origins among 156 late/dormant 
origins are dependent on Taz1. CHIP-seq 
analysis showed that Taz1 is localized at 
16 of the 26 internal late origins. In these 
cases, localization of Taz1 nearby late ori-
gins is required for timing control. In con-
trast, sub-telomeric origins, where Taz1 
is not localized, are also regulated in a 
Taz1-dependent manner. Taz1 binding to 
chromosome ends appears to contribute to 
regulation of subtelomeric origins from a 

Figure 1. Control of replication timing by Taz1 at internal late origins and sub-telomeric origin 
cluster. Two copies of telomeric repeat located proximal to the internal late origins recruit Taz1, 
which prevents DDK-dependent Sld3 loading in early S phase. In sub-telomeres, clustered late 
origins are collectively regulated (RTC zone) by Taz1, which binds to the telomere.
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long distance (Fig. 1). Furthermore, both 
Taz1-dependent and Taz1-independent 
origins require Rif1, which interacts with 
Taz1 at the telomere, consistent with a 
recent paper from Masai’s group.9 Rif1 
may function in a process closer to that of 
replication initiation.

Taz1 and Rif1 seem to act as molecu-
lar linkers between regulation of telomere 
length and control of sub-telomeric repli-
cation timing. When a telomere becomes 
shorter, the decrease in telomere-bound 
Taz1 and Rif1 may cause early replica-
tion of sub-telomeric late origins, allow-
ing telomerase to access the ends and 
elongate telomeric repeats. Our results 
show that fission yeast uses a set of telo-
meric sequences and the binding protein 
Taz1 for regulation of global replication 
timing. Because telomeric sequences and 
telomere-binding proteins are highly 
conserved across eukaryotes, the control 
mechanism may also be conserved.10
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