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Abstract

Double strand DNA breaks are a serious threat to cellular viability and yeast systems have proven
invaluable in helping to understand how these potentially toxic lesions are sensed and repaired. An
important method to study the processing of DNA breaks in the budding yeast Saccharomyces
cerevisiae is to introduce a unique double strand break into the genome by regulating the
expression of the site-specific HO endonuclease with a galactose inducible promoter. Variations of
the HO site-specific DSB assay have been adapted to many organisms, but the methodology has
seen only limited use in the fission yeast Schizosaccharomyces pombe because of the lack of a
promoter capable of inducing endonuclease expression on a relatively short time scale (~1 hour).
We have overcome this limitation by developing a new assay in which expression of the homing
endonuclease I-Ppol is tightly regulated with a tetracycline inducible promoter. We show that
induction of the 1-Ppol endonuclease produces rapid cutting of a defined cleavage site (>80% after
1 hour), efficient cell cycle arrest, and significant accumulation of the checkpoint protein Crb2 at
break-adjacent regions in a manner that is analogous to published findings with DSBs produced by
an acute exposure to ionizing irradiation. This assay provides an important new tool for the fission
yeast community and, because many aspects of mammalian chromatin organization have been
well-conserved in S. pombe but not in S. cerevisiae, also offers an attractive system to decipher
the role of chromatin structure in modulating the repair of double stranded DNA breaks.
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Introduction

Every day cells contend with a constant barrage of agents that can damage their genetic
material and a failure to effectively respond to DNA damage can lead to debilitating human
disorders (Ciccia and Elledge, 2010). Of the many different types of DNA lesions, double
strand breaks (DSBs) are probably the most dangerous (Jackson, 2002). DSBs can arise
during normal cellular activities, such as DNA replication, or after cells have been exposed
to environmental agents, such as ionizing irradiation (IR). DSBs are difficult to repair
because both strands of the DNA template are severed and even a single unrepaired DSB
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can cause cell death (van Gent et al., 2001; Rich et al,, 2000). Deciphering how cells
contend with potentially toxic DSBs is central to understanding and treating numerous
diseases including cancer (Jackson and Bartek, 2009; O'Driscoll and Jeggo, 2006).

A number of different methods have been developed to produce and study cellular DSBs
(Polo and Jackson, 2011). IR is probably the most commonly used technique and produces
DSBs in a dose dependent manner by a mechanism that is thought to involve the localized
attack of each DNA strand by a cluster of «OH radicals (Ward, 1985). An important
breakthrough was the discovery that the recruitment of many proteins involved in DSB
response can be visualized as microscopic foci that form at regions surrounding sites of IR
produced DSBs (Dellaire and Bazett-Jones, 2007). The nature of these microscopic foci is
not entirely clear, but probably reflects the binding of hundreds of protein molecules to
break adjacent regions as a mechanism to amplify the damage signal. The “IR foci
formation” assay has proven to be an invaluable tool, but a limitation of IR experiments is
the random nature of break formation and the relative low-resolution microscopy used to
follow protein binding.

An alternative approach that overcomes the limitations of IR is to use a site-specific
endonuclease to introduce a DSB break at a defined genomic location. The site-specific
DSB assay was pioneered in the budding yeast Saccharomyces cerevisiae where expression
of the HO endonuclease can be tightly controlled with a galactose-inducible promoter
(Sugawara and Haber, 2006; Haber, 2002). Incubation in galactose containing media
induces HO expression and constitutive cutting of a unique ~22 bp cleavage site located in
the MAT locus. Because break formation occurs at a defined site, Southern blotting and
other assays can be used to follow repair intermediates and chromatin immunoprecipitation
(ChlIP) can be used to monitor the binding of proteins to the break region with high
resolution (Sugawara and Haber, 2006; Haber, 2002). It has also been possible to investigate
the influence of the surrounding chromatin landscape on DSB response by relocating the HO
cleavage site to different regions of the S. cerevisiae genome (Kim et al., 2007). Site-
specific DSB assays have also proven to be an effective tool in higher organisms using a
number of different nucleases including I-Scel (Jasin, 1996; Bellaiche et al., 1999), I-Ppol
(Berkovich et al., 2007), and AsiSI (lacovoni et al., 2010; Massip et al., 2010).

A version of the HO system was also initially translated to the fission yeast
Schizosaccharomyces pombe by regulating expression of the HO endonuclease with a
thiamine repressed nmi promoter (Du et al.,, 2003; Osman et al., 1996; Prudden et a/., 2003).
The S. pombe genome lacks a HO recognition site unless it is specifically introduced. DSB
formation occurs when cells are transferred from repressive thiamine containing media to
media lacking thiamine to induce HO expression. Although the nm#HO system has
provided new insights into DSB biology (Langerak et a/., 2011; Moss et al., 2010; Tinline-
Purvis et al., 2009; Du et al., 2006; Prudden et al., 2003), the system has not seen
widespread use. A major issue is that >20 hours is required for HO induction with the nmt
promoter, a time period that is 5-10 times longer than the generation time for a typical S.
pombe cell and significantly longer than the ~1 hour time scale needed for galactose
controlled induction in S. cerevisiae. The extended induction period introduces technical
complications and limits the ability to perform intensive time course and cell cycle studies.
Further, observations indicate that when the nmt promoter is used to drive HO expression
and DSB formation over a >20 hour period, the mechanisms used by proteins to bind to the
break region can be different from those used when DSB formation occurs in a matter of
minutes after an acute exposure to IR (Du et al., 2006).

S. cerevisiae and S. pombe have proven to be invaluable model systems for deciphering the
network of DSB response proteins (Ciccia and Elledge, 2010; Harrison and Haber, 2006;
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Raji and Hartsuiker, 2006; Symington, 2002). A major unresolved question now is to
understand how the packaging of DNA into chromatin modulates the sensing and repair of
DSBs (Downs et al., 2007; Peterson and Cote, 2004). Cells possess an abundance of
enzymatic activities, such as histone post-translational modification, that are used to modify
chromatin structure and control access to the DNA template (Bannister and Kouzarides,
2011). Mounting evidence argues that many chromatin modifiers play a key role in
protecting genomes from hazardous DSBs and suggest that the location of a break in either
an active euchromatin or repressive heterochromatin domain can modulate repair (Xu and
Price, 2011; Goodarzi et al., 2009). S. pombe provides an attractive system to address such
questions because this yeast shares many key features of mammalian chromatin structure
that are notably absent from S. cerevisiae, such as large highly repetitive centromeres, RNAI
machinery, di and tri-methylation of histone H4 lysine 20 (H4K20), and heterochromatin
domains marked by histone H3K9 methylation and HP1-like proteins, (Grewal, 2000;
Grewal and Moazed, 2003; Sanders et a/., 2004). However, the lack of a system capable of
introducing a site-specific DSB into the S. pombe genome on a relatively short time scale
(~1 hour) has hampered efforts and a fast inducing technology would be beneficial to many
researchers.

To overcome the limitations of the nm-HO system Watson et al very recently described a
new site-specific DSB assay for S. pombe in which expression of the HO endonuclease is
controlled by the endogenous urgI promoter that is rapidly turned on adding uracil to
growth media ((Watson ef a/., 2011), see also latter discussion). In parallel work we sought
to develop a S. pombe site-specific DSB assay with fast kinetics using a heterologous
promoter that does not require the use of a metabolic inducer. We present such a system in
which expression of the homing endonuclease 1-Ppol is tightly controlled with a tetracycline
inducible promoter. We show that induction of the 1-Ppol endonuclease produces rapid
cutting of a defined cleavage site (>80% after 1 hour), efficient cell cycle arrest, and
significant accumulation of the checkpoint protein Crb2 at break-adjacent chromatin.
Importantly, Crb2 targeting to the 1-Ppol generated break requires the activity of the histone
H4K20 methyltransferase Kmt5, an observation that mimics published results with IR
generated DSBs (Du et a/., 2006; Sanders et al., 2004). These findings illustrate the utility of
our site-specific DSB assay and provide a powerful new tool to dissect the complex
interplay between chromatin structure and the repair of DNA breaks.

Materials and methods

Plasmids

To produce the tetracycline inducible 1-Ppol expression plasmid pSS12 (Figure 1A), the I-
Ppol ORF was PCR amplified from plasmid pET-Ppo (Flick et al.,, 1997) using oligos
470/471 incorporating I-Ceul sites at each end (Table 1). The amplified fragment was cloned
into the 1-Ceul sites of pDUAL-tet-rpsL-neo (Erler et al,, 2006) such that the I-Ppol ORF
replaced the rpsL-neo fragment. The complete ORF was verified by DNA sequencing. A
pDUAL derived tetracycline inducible HO expression plasmid (pSS13) was generated in a
similar fashion from plasmid pREP81-X-HO (Prudden et a/., 2003) using oligos 468/469
(Table I). The vector control pDUAL-tet plasmid has been described (Erler et al., 2006). A
second I-Ppol expression plasmid, pSS16 (Figure 1B), was created such that a linear DNA
fragment containing the entire tetracycline-1-Ppol control unit from pSS12 and a clonNAT
selectable marker (nar) could be inserted immediately upstream of the ATG start codon in
the ORF of arg3* (Figure 1D). Plasmids pSS21 and pSS23 (Figure 1C) were created to
integrate a linear DNA fragment containing a single 1-Ppol cleavage site followed by a
hygromycin B selectable marker (4p/") immediately upstream of the ATG start codon in the
ORFs of either ura5* or lys1t, respectively (Figure 1E). Plasmid pSLS466 was also created
to integrate a single HO cleavage site at /ysZ* in a similar fashion. All plasmids and
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associated information will be made available through Addgene (http://www.addgene.org/)
upon publication.

Strains, media and manipulations

Standard laboratory methods for fission yeast manipulations were used (Moreno et al., 1991)
and all relevant strains are listed in Table Il and derived from 1913 (NCYC, Norwich, UK).
For routine growth and drug selection after transformation rich media (YES) was used with
the following: 60 pwg/ml blasticidin S (bsd, InvivoGen), 100 pg/ml clonNAT (nat, Werner
BioAgents), 100 pg/ml G418 (kan, Mediatech) and 300 pg/ml hygromycin B (/ph,
Mediatech). For all anhydrotetracycline (ahTET) experiments, Edinburgh minimal medium
with 3.6 g/L sodium glutamate substituted for ammonium chloride and supplemented with
the appropriate amino acids was used (EMMG). A 10 mM stock of ahTET (Acros
13803-65-1) was prepared in sterile water and stored at 4°C protected from light. To prepare
ahTET-EMMG agar plates, ahTET was added to the media after autoclaving and once plates
were poured, they were stored at room temperature protected from light. Integration of
pDUAL-derived plasmids at /ev1-32was performed as detailed (Matsuyama ef a/., 2004).
Integration of the HO cleavage site at /ysI*, the 1-Ppol cleavage site at /ysI* or ura5*
(Figure 1E), and the tetracycline inducible /-Ppol fragment at arg3" (Figure 1D) were
performed by standard transformation using linear Notl fragments from the appropriate
plasmids (above). Correct integration at each locus was verified by PCR using oligo pairs
spanning each junction site (illustrated Figures 1D and 1E). Oligos used: 355/512 at arg3*
(expected product 628 bp); 396/611 and 397/612 at ura5* (expected products 773 and 679
bp, respectively); 396/844 and 397/356 at /ysI* (expected products 807 and 810 bp,
respectively). Integrations at /ys1*, ura5* and arg3* induced an auxotrophic phenotype for
the corresponding amino acid that provided a second method to verify correct integration.
GFP-Crb2 tagging and kmt5 knockouts have been described (Sanders et al., 2004).

ahTET killing assay

Strains were grown to log phase at 30°C in EMMG and 1 x 10° cells were pelleted in a 1.5
ml siliconized tubed by a brief centrifugation, the media was aspirated, cells resuspended in
500 L of sterile water and 250 L transferred to a 96 well micro-titer dish. Serial 1:5
dilutions were then prepared in sterile water and 5.0 p.L spotted onto EMMG plates
containing the appropriate amount of ahTET. Plates were incubated at 30°C for 2-3 days
protected from light.

Growth curves

Strains grown to log phase at 30°C in EMMG were diluted back to equivalent densities (0.5
x 106 cells/ml) in fresh media and allowed to recover for 3 hours at 30°C. At the 0 hour time
point cultures were split in half, one half was untreated and ahTET (3 M final) added to the
second. Growth at 30°C was then monitored by cell counting and cell aliquots were fixed in
methanol for DAPI staining.

I-Ppol cutting assay

To log phase cultures grown at 30°C in EMMG, ahTET (3 uM final) was added to induce I-
Ppol expression and 5 x 107 cells harvested at times indicated after induction. Genomic
DNA was prepared as described (Bahler et a/., 1998), RNase treated and DNA
concentrations determined using a NanoDrop Spectrophotometer. For Figure 3, quantitative
real-time PCR (gPCR) reactions were performed in triplicate with a portion of each DNA
sample using Bio-Rad SYBR Green mix (170-8882) on a Bio-Rad thermal cycler (CFX96)
using oligos (Table 1) 516/517 spanning the 1-Ppol cleavage site in the rDNA repeats and
oligos 358/361 that anneal at uncut /ysI*. The total amount of product amplified in each
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reaction was determined versus a standard curve of titrated genomic DNA for each oligo
pair and the amount of rDNA product was then normalized against the amount of uncut
lysI* product. The relative amount of rDNA product was then calculated versus the uncut 0
hour control. Cutting at the 1-Ppol cleavage site integrated at wra5" was determined in a
similar fashion using oligos 544/545 (Table ).

Figure 5 cutting assays were performed as detailed above except that gPCR reactions were
performed with a LC480 Il thermal cycler (Roche) using Fast Start Universal SYBER Green
Mix (Roche 04913850001). Oligos (Table 1) 916/917 and 914/924 were used to monitor
product formation across the rDNA and /ysZ+ I-Ppol cleavage sites, respectively. Oligos
920/921 that anneal in the /is3+ ORF were used as a normalization control.

Isolation of I-Ppol resistant yeast strains

Typically, 5 x 103 cells were spread onto EMMG plates with 3 wM ahTET and grown at
30°C. Colonies resistant to ahTET were then struck onto fresh EMMG plates with 3 M
ahTET and further validated by performing a spot test killing assay (above). Genomic DNA
was prepared from true ahTET resistant clones and rDNA mutation was confirmed by
sequencing a PCR product spanning the I-Ppol cleavage site (oligos 724/725 Table I).

Microscopy and ChIP

Live cell microscopy of GFP-Crb2 was performed as described (Sanders et al., 2010). The
general procedure for ChlP was adapted from (Pidoux et a/., 2004). Cultures were grown to
log phase at 30°C in EMMG and then split in half, one half was untreated (uncut) and
ahTET (3 1M final) was added to the second (cut). Both cultures were incubated 2 more
hours at 30°C, fixed for 30 minutes at 25°C by adding formaldehyde to a final concentration
of 1% and glycine was added to a final concentration of 2.5 M to stop fixation. Cells (5 x
108) were harvested, washed with cold PBS, resuspended in 2.5 ml of spheroplasting buffer
(0.1 M PIPES pH 7.0, 1.0 mM EGTA, 1 mM magnesium sulfate, 1.2 M sorbitol, 1.2 mg/ml
Sigma lysing enzyme, 0.8 mg/ml zymolyase 100T) and digested at 37°C for 20 minutes.
Cells were then washed twice in 10 ml cold PEMS (100 mM PIPES pH 7.0, 1.0 mM
magnesium chloride, 1.0 mM EDTA, 1.2 M sorbitol). The cell pellet was resuspended in
400 pl of lysis buffer (50 mM HEPES pH 7.5, 140 mM sodium chloride, 1.0 mM EDTA,
1% Triton X-100, 0.1% sodium deoxycholate, 2.0 mM PMSF, complete —-EDTA protease
inhibitor (Roche)) and sonicated for 10 cycles at maximum power (30 seconds on, 60
seconds off) in a Diagenode Bioruptor. The lysate was centrifuged for 5 minutes at 4°C at
13K rpm, the supernatant transferred to a new tube and centrifuged for an additional 15
minutes before collecting the final supernatant. The supernatant was mixed with 50 pl of a
1:1 slurry of Protein A agarose/salmon sperm DNA beads (Millipore 16-157) for 2 hours at
4°C and the beads were pelleted with a brief centrifugation before collecting the cleared
lysate. A 40 pl aliquot of the cleared lysate was saved (input) and the remaining 360 pl
incubated with 50 .l 1:1 Protein A agarose/salmon sperm DNA beads and 5 g of anti-GFP
(Abcam ab6556) overnight at 4°C. Immunoprecipitates were sequentially washed for 5
minutes with mixing at 25°C with: 1 ml lysis buffer, 1 ml lysis buffer plus 0.5 M NaCl, 1 ml
wash buffer (10 mM Tris-HCI pH 8.0, 0.25 M lithium chloride, 0.5% NP-40, 0.5% sodium
deoxycholate, 1.0 mM EDTA) and 1 ml TE pH 8.0. Beads were resuspended in 300 p.| of
TES (50 mM Tris-HCI pH 8, 10 mM EDTA, 1% SDS) plus 100 mg/ml Proteinase K and
460 pl of TES-Proteinase K was added to the 40 pL input sample. Both input and
precipitate samples were then incubated at 68°C for 2 hours in a Thermomixer (Eppendorf)
at 1300 rpm. The supernatant (300 w.I) from the precipitate sample was removed and a fresh
200 .l of TES added before an additional 20 minute incubation. Another 200 .l aliquot was
removed from the precipitate sample and combined with the previous 300 w1 aliquot. The
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total 500 .l precipitate pool and the 500 .l input sample were then purified using QlAquick
spin column kit (Qiagen) and eluted into 100 .l TE with 20 jug RNase.

gPCR reactions were performed with a portion of each input and precipitate sample from
both cut and uncut cells as described above for Figure 3 using oligo pairs at 0.5 (618/619), 2
(620/621), 5 (637/638), 10 (622/623), or 30 (624/625) kb upstream of the I-Ppol cleavage
site at ura5* (Table 1). PCR product formation at uncut /ysZ+ was also monitored with oligos
635/636 (Table I). Data analysis was performed using the A AC; method outlined in the
QIAGEN EpiTect ChIP gPCR Assay Handbook. Briefly, averaged C; values were calculated
from triplicate reactions and used to determine the cut/uncut ratio for each oligo pair. The
relative enrichment was then calculated by normalizing the cut/uncut ratio for each oligo
pair flanking the 1-Ppol cleavage site at wra5" against the cut/uncut ratio determined for the
oligo pair at uncut /ysI*. Note that control experiments with non-specific 1gG routinely
showed background levels with a relative enrichment of ~1 (data not shown).

Results and discussion

A tetracycline inducible I-Ppol expression system

To devise a system to introduce a site-specific DSB in the S. pombe genome on a relatively
short time course, we first scanned the literature for a promoter capable of producing a rapid
induction of target gene expression when integrated as a single copy. We identified a strong
candidate in a heterologous tetracycline inducible system in which an ADH1 promoter
drives constitutive expression of a Tetracycline repressor (TetR) that normally binds to and
represses the plant viral cauliflower mosaic virus 35S (CaMV35S) promoter (Figure 2A and
(Erler et al., 2006; Faryar and Gatz, 1992)). High-level promoter activity is achieved by
addition of tetracycline to the growth media to inactivate the Tet repressor. Compared to the
nmt promoter, the tetracycline-controlled system offered a significantly shorter induction
time, the distinct advantage that laborious media changes would not be required and the
ability to avoid the potential pleiotropic effects of metabolic inducers. Several key
improvements made by Erler and colleagues (Erler et al., 2006) to the originally system
(Faryar and Gatz, 1992) also made the tetracycline inducible promoter particularly
attractive. First, Erler et al demonstrated anhydrotetracycline (ahTET) to be a superior
induction ligand; second, they also demonstrated faster induction rates using defined (EMM)
versus rich media (YES); and thirdly, inserted the system into a previously constructed
pDUAL vector (Matsuyama ef a/., 2004) for simple chromosomal integration.

To evaluate the tetracycline inducible promoter, we first compared the ability of the system
to regulate expression of two different site-specific endonucleases: the S. cerevisiae HO
nuclease and the homing endonuclease I-Ppol from the slime mold Physarum polycephalum.
HO was chosen because of its established use as a site-specific endonuclease in S. pombe
(Du et al., 2003; Osman et al., 1996; Prudden et a/., 2003). I-Ppol was selected because it is
an effective site-specific nuclease in budding yeast (Muscarella and Vogt, 1993) and
mammalian cells (Berkovich et al., 2007). 1-Ppol also has the convenient property of
recognizing an endogenous ~15 bp cleavage site that is present in the S. pombe ribosomal
DNA (rDNA) repeats and 100% conserved in all eukaryotes (Ellison and Vogt, 1993). Each
endonuclease ORF was cloned into the pDUAL-tet-rpsL-neo vector (Erler et al., 2006) and
constructs integrated into the /evZ-32locus of strains with or without an exogenous HO
cleavage site also integrated at /ysI* (see Materials and methods). Control strains with an
integrated empty vector were also generated.

As an initial means to monitor endonuclease expression, we assessed the ability of cells to
grow on agar plates containing increasing amounts of the ahTET inducer (Figure 2B). We
reasoned that strains with a nuclease expression plasmid would be hypersensitive to the
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inducer because growth on ahTET media should kill cells by producing constitutive
endonuclease expression and DSB formation. Figure 2B shows that colony formation of
cells with the integrated 1-Ppol expression plasmid was severely inhibited on ahTET media
relative to vector control cells that grew equally well irrespective of the inducer (compare
strains 1 and 4 versus 2 and 5). Surprisingly, cells containing the HO expression plasmid
were equally resistant to ahTET regardless of the presence or absence of an HO cleavage
site integrated at /ysI* (compare stains 3 and 6 Figure 2B). We also observed no cell killing
when the HO cleavage site was integrated at arg3*(data not shown). These findings indicate
that the tetracycline inducible promoter can drive I-Ppol expression, but not HO expression,
to levels sufficient to produce efficient target site cleavage. It is currently unclear why the
tetracycline promoter-HO combination is not effective, but we note that expressing HO from
the nmt41 promoter can cause cell death in contrast to the tetracycline inducible promoter
(data not shown). From this finding we suspect that the lack of cell death with feHO
construct is because the HO endonuclease does not accumulate to high levels when the
tetracycline inducible promoter is used to drive expression.

I-Ppol induction produces rapid cell cycle arrest and cleavage site cutting

The observations above argue that the 1-Ppol endonuclease is uniquely suited for the
tetracycline inducible promoter. We further investigated the capabilities of the tetracycline-
I-Ppol combination by quantitatively measuring cell growth after induction of 1-Ppol
expression. Cultures of vector control and I-Ppol expression strains were either untreated or
treated with the ahTET inducer (+ahTET Figures 3A and 3B). Growth was then monitored
at time points after induction by cell counting and by imaging DAPI stained cells. As
expected, Figure 3A shows that vector control cells grew equally well irrespective of
ahTET. Importantly, without ahTET the growth rate of vector control and 1-Ppol expression
plasmid cells was essentially identical (Figure 3A and compare strains 1 and 2 Figure 4C).
These data indicate that 1-Ppol expression is sufficiently repressed to have no observable
effect on cell growth in the absence of the inducer. In contrast, in the presence of ahTET
growth of the I-Ppol expression strain was severely limited (Figure 3A). Growth inhibition
was very efficient as ahTET treated 1-Ppol cells displayed only ~1 population doubling over
the first 12 hour course of the experiment compared to ~5 doublings for untreated cells.
DAPI staining revealed that after only 4 hours of growth in ahTET media cells with the I-
Ppol plasmid were very elongated compared to untreated and vector control cells (Figure
3B). The elongated phenotype is indicative of G2/M arrested cells and argues that I-Ppol
induced cutting triggered efficient activation of the G2/M DNA damage checkpoint.

To measure the rate and efficiency of I-Ppol cutting, we used quantitative real-time PCR
(gPCR) to monitor the amplification of a product across the rDNA cleavage sites after
ahTET induction (illustrated Figure 3C, see also Materials and methods). The left graph in
Figure 3C shows that product formation across the rDNA cleavage site remained constant in
vector control cells. In contrast, I-Ppol expressing cells displayed a rapid decrease in PCR
product formation (>80% after 1 hour), indicating efficient DSB formation after 1-Ppol
induction. We further investigated whether an exogenous I-Ppol cleavage site integrated at
ura5* could be efficiently cut. The right graph in Figure 3C shows that loss of the PCR
product across both the endogenous and exogenous cleavage sites occurred at nearly
identical rates when monitored simultaneously in a strain containing both wra5" and rDNA
cleavage sites. Note that there is some small variability between experiments in the rate of
cleavage at early time points after ahTET induction but that >80% cutting is reproducible
observed at later points (compare 20-40 minute points versus 60-120 minutes Figure 3C).
The observations in Figure 3 indicate that tetracycline induced I-Ppol expression produces
rapid (~1 hour) formation of a site-specific DSB.
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Generation of I-Ppol resistant rDNA repeats

The presence of the endogenous I-Ppol cleavage sites in the rDNA repeats provided a
convenient means to initially assess cutting, but we reasoned that an ideal site-specific DSB
system would use a unique exogenous cleavage site that could be easily integrated into
different genomic locations. We next sought to enhance the applicability of the I-Ppol based
assay by first eliminating the 1-Ppol cleavage sites in the rDNA repeats, and then integrating
back a single exogenous cleavage site. The strategy (Figure 4A and Material and methods)
was based upon the previous observation that non-cleavable rDNA point mutations could be
easily isolated after expression of the I-Ppol endonuclease in S. cerevisiae cells (Muscarella
and Vogt, 1993). The mechanism that mediates mutation of the highly repeated rDNA loci is
unclear, but is thought to be a two-step process that involves the formation of a mutation in a
single rRNA gene that rapidly spreads to the entire population through gene-conversion
(Muscarella and Vogt, 1993). Clones resistant to ahTET were isolated and DNA sequencing
of a PCR product spanning the rDNA cleavage site used to confirm mutation. 1-Ppol
resistant cells arose at a rate of ~1:1,000 and 23 of 30 ahTET resistant clones sequenced
from three independent screens contained mutated rDNA repeats, with all but one mutant
harboring a single T insertion in the I-Ppol cleavage site (Figure 4B). The only other
mutation recovered was an insertion of two T's at the same position (data not show).
Strikingly, the single T insertion was also observed in the rDNA repeats of I-Ppol resistant
S. cerevisiae cells (Muscarella and Vogt, 1993). Figure 4D shows that cells with the 1-Ppol
expression plasmid and mutated rDNA repeats were resistant to ahTET similar to vector
control cells that contain the cleavage sites but lack the endonuclease (compare strains 1 and
3). To directly investigate 1-Ppol cutting at the mutated rDNA repeats, the gPCR assay from
Figure 3C was used and revealed that the mutated rDNA repeats are not cleaved by I-Ppol in
contrast to the very efficient cleavage that is observed for wfrDNA repeats (Figure 4E left,
compare strains 3-5 versus strain 2). Importantly, the rDNA mutation produced only a
modest increase in strain generation time in the absence of ahnTET (compare strains 2 and 3
Figure 4C), indicating that overall cell fitness was not severely impaired.

We next asked if integrating a single exogenous I-Ppol cleavage site back into the genome
of a strain with mutated rDNA repeats would recover ahTET sensitivity. As a control, we
also integrated a single HO cleavage site that should not be cut by the I-Ppol endonuclease.
Figure 4D shows that when the 1-Ppol cleavage site was integrated at /ysI*, but not the HO
cleavage site, cells displayed ahTET sensitivity similar to the parental strain containing
normal rDNA cleavage sites (compare strains 2, 4, and 5). Using the qPCR cutting assay we
also observed very rapid DSB formation at the exogenous I-Ppol cleavage site (>90% after 1
hour) but not at the HO cleavage site after inducing I-Ppol expression (right panel Figure
4E). Interestingly, the rate of cutting at the single exogenous I-Ppol cleavage site is notably
faster than that observed for the highly repeated rDNA cleavage sites (Figure 4E, compare
strain 5 right versus strain 2 left). In total, Figure 4 demonstrates the ability to rapidly and
efficiently produce a unique DSB in the S. pombe genome using the tetracycline inducible I-
Ppol system.

Binding of Crb2 to the I-Ppol lesion site mimics IR induced DSBs

We next investigated how closely an 1-Ppol produced break reflected DSBs generated by
acute IR exposure. To examine this question, we asked if the accumulation of the checkpoint
protein Crb2 could be visualized at sites of I-Ppol induced DSBs as seen with IR produced
DSBs (Du et al., 2003). Strains were generated that harbored GFP tagged crb2t, a
tetracycline inducible 1-Ppol expression construct, and mutated rDNA repeats resistant to |-
Ppol cleavage with or without a single exogenous I-Ppol cleavage site integrated at wra5*
(illustrated Figure 5C, see also Materials and methods). Figure 5A shows that only cells with
the integrated 1-Ppol cleavage site were sensitive to ahTET (compare strains 1 and 2),
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indicating that DSB formation required the presence of the exogenous cleavage site. Live
cell microscopy was then used to monitor GFP-Crb2 localization before and after 1-Ppol
expression was induced with ahTET. Figure 5B shows that Crb2 localized throughout the
nucleus and that after ahTET treatment sites of very efficient focal accumulation could be
observed in a manner that required the exogenous I-Ppol cleavage site. Consistent with the
presence of a single integrated I-Ppol cleavage site, the majority of cells contained only one
ahTET induced Crb2 focus. Importantly, the number of detectable Crb2 foci in the absence
of ahTET is not significantly different regardless of the presence or absence of the I-Ppol
cleavage site (compare 0 time points Figure 5B right). This observation argues that without
the inducer there is minimal background I-Ppol cutting due to promoter leakiness.

We next used ChIP to monitor Crb2 binding to break adjacent chromatin with higher
resolution (see Materials and methods). I-Ppol cutting at the single exogenous cleavage site
was induced in GFP-Crb2 cells and anti-GFP ChIP used to precipitate Crb2 bound DNA.
Parallel ChIP experiments were also performed with uninduced cells. Oligo pairs that
annealed at 0.5, 2, 5, 10, or 30 kb upstream of the I-Ppol cleavage site (illustrated Figure
5C), or at an uncut locus, were then used in real-time PCR reactions to monitor Crb2
chromatin binding before (uncut) and after (cut) I-Ppol induction. Figure 5C shows that
Crb2 was significantly enriched at break adjacent regions after I-Ppol cutting with peak
accumulation occurring 5 Kbp away from the cleavage site (see Amit5"). These observations
indicate that 1-Ppol induced cutting triggers the rapid binding of the Crb2 protein to break
adjacent chromatin similar to treating cells with IR.

Crb2 binding to the I-Ppol induced break was further probed by determining the requirement
for histone modification. Others and we have shown that focal accumulation of Crb2 at
DSBs produced by acute IR exposure strictly requires binding to two different modified
histones (Du et al., 2006; Greeson et al., 2008; Sanders et al., 2010; Sofueva et al., 2010). In
contrast, Crb2 binding to break adjacent chromatin can occur independently of histone
modification when >20 hours is needed to produce a DSB using the thiamine controlled nmt
promoter to drive HO expression (Du et al., 2006). To examine the requirement for histone
modification in Crb2 targeting to the I-Ppol produced DSB, we deleted the Amt5+ gene and
assessed GFP-Crb2 binding to the break site using microscopy and ChlP (A 4mt5 Figures 5B
and 5C). The Kmt5 methylase catalyzes the dimethyl histone H4K20 modification that is a
direct binding target of Crb2 (Botuyan et al., 2006; Greeson et al., 2008; Sanders et al.,
2004). Loss of kmt5* severely compromises focal accumulation of Crb2 at IR induced
DSBs, but not at breaks produced by HO after >20 hours of nmtdriven expression (Du et
al., 2006; Sanders et al., 2004).

Figure 5B shows that the ability of Crb2 to form discrete microscopic foci after induction of
I-Ppol expression was significantly impaired by the Akmi5 mutation. The requirement for
kmt5* in Crb2 binding to the I-Ppol produced break was mirrored in higher resolution ChIP
experiments (Figure 5C). Importantly, the reduction in Crb2 targeting observed in Akmi5
cells is not due to a lack of I-Ppol cutting because kmt5*and Akmt5 cells were equally
sensitive to ahTET (Figure 5A). These findings indicate that efficient targeting of Crb2 to
the 1-Ppol produced DSB requires the activity of the H4K20 methyltransferase Kmt5 and
contrasts with the dispensability of kmt5+ when the slower inducing 7m&HO system is used
to produce a site-specific DSB (Du et al., 2006). In total, the observations from Figure 5
argue that the tetracycline inducible I-Ppol site-specific DSB assay effectively mimics IR
generated DSBs.

Here we present a new assay to efficiently introduce a single site-specific DSB into the S.
pombe genome using the homing endonuclease I-Ppol under the control of a tetracycline
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inducible promoter. With this assay DSB formation at a unique I-Ppol cleavage site occurs
with fast kinetics after inducing endonuclease expression (>90% after 1 hour, Figure 4E).
Importantly, the tetracycline inducible promoter is tightly repressed because there are no
observable defects in cell growth (Figure 4C) or increase in focal accumulation of the Crb2
checkpoint protein in the absence of the ahTET inducer (Figure 5B and data not shown).
Two major advantages of this new assay compared to the thiamine controlled nmtHO
system (Du et al., 2003; Osman et al., 1996; Prudden et al., 2003) are the relatively rapid
rate of DSB formation (~1 hour versus >20 hours) and the use of a non-metabolic inducer
that avoids potential pleiotropic affects and that does not require inconvenient media
changes. The advantage of rapid DSB formation is reflected in our demonstration that
efficient binding of the Crb2 protein to regions flanking the 1-Ppol induced DSB requires
histone modification activity similar to observations made with IR generated DSBs (Figure
5). The ease at which a site-specific DSB can be introduced with the fet-1-Ppol system
makes it possible to perform intensive time course studies and to investigate DSB response
at different stages of the S. pombe cell cycle, an experiment that is not feasible with the
slower inducing nmtHO system. Because the single I-Ppol cleavage site can be integrated
into essentially any genomic region, it will also be possible to harness S. pombe genetics to
investigate how the sensing and repair of DSBs differs between active euchromatin and
repressive heterochromatic regions of the genome.

One consideration with the 1-Ppol system is that once ahTET has been added to growing
cultures, removing the inducer does not efficiently turn off I-Ppol activity (data not shown).
This limits the ability to use the 1-Ppol system as describe here to monitor the completion of
DSB repair events. Introducing an ectopic homologous template into cells should alleviate
this issue by promoting DSB repair, a strategy that has been successfully used in S.
cerevisiae (Ira et al., 2003) and that we are actively pursuing. Another important
consideration is that the use of a strain with 1-Ppol resistant rDNA repeats appears to be
essential for success. We initially attempted to monitor Crb2 focal accumulation in a strain
in which I-Ppol cutting occurred at both the rDNA repeats and at a single exogenous
cleavage site. Surprisingly, even though DSB formation clearly occurred at both sites (see
Figure 3C right panel), no significant Crb2 focal accumulation could be observed and only a
very weak (~2 fold) enrichment of Crb2 could be measured by ChlIP at the exogenous
cleavage site (data not shown). These results contrast to the very efficient Crb2
accumulation that is observed with both microscopy and ChlP when I-Ppol cleavage occurs
only at a unique exogenous site (Figure 5). It seems likely that when 1-Ppol cutting occurs in
the rDNA repeats, the high number of breaks may compete away the available pool of Crb2
from the single exogenous site and/or dilute out the Crb2 signal such that binding to break
regions can no longer be efficiently visualized. Others have also observed difficulty in
visualizing the binding of DSB response proteins to sites within the rDNA repeats (Irmisch
et al., 2009; Ampatzidou et al., 2006), suggesting that our observations reflect a general
property of the highly repeated rDNA loci. Thus, prior elimination of the I-Ppol cleavage
sites in the rDNA repeats greatly increases the applicability of the system by enhancing
factor binding to the exogenous break site and by providing a framework to easily
manipulate the location of a single site-specific DSB. Through three independent screens,
we have found isolating rDNA mutations to be a straightforward and efficient process that is
easily adaptable to almost any starting strain. Strikingly, the major rDNA mutation we have
observed was also isolated in a screen for I-Ppol resistant mutants in S. cerevisiae
(Muscarella and Vogt, 1993), suggesting a similar mutational mechanism. Importantly, the
effect of the rDNA mutation on overall cell physiology is small and mutations appear to be
stable as we have not observed any reversion events and continuous selection is not
required. However, the meiotic stability of rDNA mutations is unknown because we have
not yet attempted to mate rDNA mutation strains. Rather, we have focused on making de
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novo rDNA mutations directly in the appropriate strain because of the relative ease of the
procedure.

During the preparation of this manuscript Watson et al reported a new S. pombe site-specific
DSB assay using the HO endonuclease under the control of the uracil inducible urg1
promoter (Watson et a/,, 2011). Similar to the fet-1-Ppol system described here, the urgZ-HO
assay can produce a unique DSB with relatively fast kinetics (~1 hour). A major advantage
of the urgZ-HO system compared to the 1-Ppol assay is that the S. pormbe genome lacks
endogenous HO cleavage sites, potentially facilitating strain construction and eliminating
the need to introduce mutations into the rDNA repeats as detailed here for the 1-Ppol
endonuclease. However, the HO endonuclease must be introduced into the native urg locus
using a multi-step process whereas the fe-1-Ppol construct can be integrated at many
different genomic locations in a single transformation. A limitation of the urgZ-HO system
is that minimal media lacking uracil is required for strain growth, making it incompatible
with commonly used uracil auxotrophic markers such as ura4-D18. Because the fet-1-Ppol
system does not require a metabolic inducer cell growth during strain construction can be
performed with either rich or minimal media. We have found that the ability to use rich
media significantly speeds up strain construction and all routine procedures compared to
using only minimal media. Induction experiments can also be performed in rich media,
though with slightly slower kinetics compared to minimal media ((Erler et a/., 2006) and our
unpublished observations). These elements make the zer-1-Ppol system potentially applicable
to many more existing strains and experimental conditions compared to the urgZ-HO
system. Another consideration is that the vrg promoter is induced during meiosis and
meiotic HO expression is detrimental even when an HO cleavage site is not present in the
genome (Watson et al., 2011). The meiotic compatibility of the fe1-Ppol expression
construct is unknown (see also above). Thus, both the urgZ-HO and the fet-1-Ppol systems
have unique benefits and we believe that the availability of two distinct fast inducing site-
specific DSB assays will prove advantageous to many in the S. pombe community.

In summary, we have engineered a new heterologous system to rapidly introduce a unique
DSB into the S. pombe genome that is tightly regulated and has minimal issues related to
promoter leakiness. Our development of the tetracycline controlled I-Ppol system avoids the
potential complications associated with metabolic inducers and is compatible with a wide
variety of strain genotypes, adding an important new instrument to the fission yeast toolbox
that is applicable to a broad range of questions.
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Figure 1.

Plasmids and integration strategies. Tetracycline inducible I-Ppol integration plasmids are
shown in (A) and (B), I-Ppol cleavage site integration plasmids in (C), and integration
strategies in (D) and (E) (not drawn to scale). (A) The I-Ppol ORF was cloned under the
control of the CaMV35S promoter (p) and the nmtZ terminator (t) in the pDUAL-tet-rpsL-
neo vector (Erler et al., 2006) to create pSS12. The plasmid also contains a tetracycline
repressor (TetR) that is constitutively expressed from an ADH1 promoter and terminator.
The TETp-1-Ppol Notl fragment from pSS12 (sites shown) is excised and integrated at
leu1-32as detailed (Matsuyama et al., 2004). (B) A second I-Ppol expression plasmid was
created by transferring the entire TETp-I-Ppol control unit from pSS12 into a plasmid such
that it was flanked by a clonNAT selectable marker (nat) and sequences homologous to the
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regions immediately up (5”) and downstream (ORF) of the arg3" ATG start codon. The
TETp-I-Ppol Notl fragment is excised and integrated as shown in (D). PCR primers
(355/512 Table I) used to verify correct integration at arg3" are illustrated as half arrows.
(C) To integrate an I-Ppol cleavage site at ura5+, pSS21 was created such that a single
cleavage site was flanked by a hygromycin B selectable marker (/p/") marker and
sequences homologous to the regions immediately up (5”) and downstream (ORF) of the
ura5" ATG start codon. A Notl fragment with the cleavage site (black triangle) is then
excised and integrated at wra5* as shown in (E). PCR primers used to verify correct
integration across each junction (396/611 and 397/612 Tabel I) are illustrated. The pSS23
plasmid was created in a similar fashion for integration of a single I-Ppol cleavage site
immediately upstream of the /ysI* ATG start codon (E). Verification primers for /ys1*
integration correspond to 396/844 and 397/356 (Table I). For (B) and (C) plasmids,
integrations produce an auxotrophic phenotype for the corresponding amino acid that can be
used as a second means to verify correct integration. See Material and methods for further
details.
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A tetracycline inducible I-Ppol expression system. (A) Assay schematic. The homing
endonuclease I-Ppol is under the control of a tetracycline inducible CaMV35S promoter (p)
and an ADH1 promoter drives constitutive expression of the tetracycline repressor (TetR)
that normally represses 1-Ppol expression. Addition of anhydrotetracycline (ahTET) to
growth media triggers induction of I-Ppol expression and cutting at endogenous I-Ppol
cleavage sites (black triangle) located in the rDNA repeats or at a single exogenous cleavage
site integrated elsewhere. (B) Induction of 1-Ppol expression with ahTET produces efficient
killing of S. pombe cells. Either empty vector or plasmids containing tetracycline inducible
1-Ppol or HOalleles were integrated into strains containing endogenous rDNA I-Ppol
cleavage sites with or without a single exogenous HO cleavage site integrated at /ysI*.
Serial dilutions of cells (1:5) were spotted onto EMMG agar plates containing the indicated
amount of ahTET and grown at 30°C. See materials and methods for further details. Strains:
1-YSS154; 2-YSS151; 3-YSLS798; 4-YSLS802; 5-YSLS803; 6-YSLS804.
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Figure 3.

Induction of I-Ppol expression efficiently inhibits cell growth and produces rapid DSB
formation. (A) Growth curve after I-Ppol induction. Strains with either an integrated empty
vector (YSS154) or a tetracycline inducible /-Ppo/ allele (YSS151) were grown in EMMG
with (+) or without 3 M ahTET and growth was monitored by cell counting. Time across
the x-axis denotes hours after ahTET addition. (B) I-Ppol expression produces cell
elongation. Cells at the 4 hour time point in A were fixed in methanol and visualized by
DAPI staining. Images have been intentionally overexposed to show the entire cell body. (C)
Rapid cutting of endogenous and exogenous I-Ppol cleavage sites. Left, illustration of
quantitative real-time PCR (gqPCR) I-Ppol cutting assay, half arrows denote oligos that span
the 1-Ppol cleavage site (black triangle). See text for further details. Middle panel, rapid I-
Ppol cleavage at the rDNA repeats. Strains with either integrated empty vector (YSS154) or
a tetracycline inducible /-Ppo/ allele (YSS151) were treated with 3 M ahTET and cell
aliquots taken at the time points indicated after induction. Genomic DNA was prepared and
gPCR used to monitor product formation across the I-Ppol cleavage sites located in the
rDNA repeats (illustrated top). gPCR product formation at the uncut /ysZ* locus was used as
a normalization control. See Materials and methods for further details. Right panel, rapid I-
Ppol cutting at both a single exogenous I-Ppol cleavage site and at the rDNA repeats. I-Ppol
expression was induced in strain YSS226 containing both endogenous rDNA Ppol cleavage
sites and a single cleavage site integrated at ura5* (illustrated top). gPCR was then used to
monitor product formation across both cleavage sites as described above.
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Figure 4.

Isolation of rDNA mutations resistant to 1-Ppol cleavage. (A) Strategy used to produce
strains containing I-Ppol resistant rDNA repeats and a single exogenous I-Ppol cleavage
site. (B) Sequence of I-Ppol resistant rDNA repeats. Left, I-Ppol rDNA cleavage site with T
insertion of resistant strains indicated. Right, typical DNA sequencing chromatograms of
rDNA repeats from ahTET sensitive and resistant strains (strains 2 and 3 in C, respectively)
with the T insertion site indicated by the arrow. (C) Characteristics of relevant strains. The
procedure detailed in A was used to generate strain 3 (YSLS790-3) containing mutated
rDNA repeats resistant to 1-Ppol cutting from the parental 1-Ppol expressing strain 2
('YSS151). Either a single HO (strain 4, YSLS793) or I-Ppol (strain 5, YSLS792) cleavage
site was then integrated back into the genome at /ysZ*(illustrated in right panel of (E)).
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Strain 1 (YSS154) with an integrated empty vector was assayed as a control. Strains 3, 4,
and 5 are all derived from strain 2. Doubling times were determined at 30°C in EMMG in
the absence of ahTET and averaged from at least 3 independent experiments with the
standard deviation (S.D.) shown. (D) Integration of a single exogenous I-Ppol cleavage site
back into the genome of a strain with 1-Ppol resistant rDNA repeats restores ahTET
sensitivity. Spot tests were performed as described for Figure 2 with strains detailed in (C).
(E) 1-Ppol rapidly cleaves a single exogenous cleavage site but not mutated rDNA repeats. I-
Ppol cutting assays were performed as detailed for Figure 3C using strains detailed in (C)
and oligos that span either the 1-Ppol cleavage sites in the rDNA repeats (left) or a single
exogenous HO or I-Ppol cleavage site integrated at /ys7+ (right). Cleavage sites are denoted
by the black triangle. Note that data is from a single experiment where all five strains were
processed simultaneously so that the rate of I-Ppol cutting observed at the rDNA and /ys1+
cleavage sites is directly comparable.
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The checkpoint protein Crb2 efficiently accumulates at an I-Ppol induced break in a manner
that requires the H4K20 methylase Kmt5. (A) ahTET sensitivity of relevant strains. Strain 1
(YSS271) with an integrated tetracycline inducible /-Ppo/ allele, I-Ppol resistant IDNA
repeats and GFP tagged crb2* was generated and a single exogenous I-Ppol cleavage site
then integrated at wra5" (illustrated in (C)). to produce strain 2 (YSS289). The Kmt5 ORF
was then replaced with a bsdMx6 marker to create Akmi5strain 3 (YSLS783). Spot tests
were performed as detailed for Figure 2. (B) Live cell microscopy of GFP-Crb2 after
induction of I-Ppol expression. The ahTET inducer was added to growing cultures of strains
detailed in (A) to induce 1-Ppol expression and live cell microscopy was performed at times
indicated after ahTET addition. Left, representative images 2 hours after ahTET addition.
Note that the nucleus of 3 different cells is denoted in each panel by GFP-Crb2 staining
which is entirely nuclear. Arrowheads in middle panel denote GFP-Crb2 foci. Right,
quantification of GFP-Crb2 foci, numbers were averaged from at least 3 independent
experiments with = 200 cells counted for each point. (C) ChIP of GFP-Crb2 at an I-Ppol
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induced break. Strains 2 and 3 from A were processed for anti-GFP ChIP 2 hours after
induction of I-Ppol expression as described in Materials and methods. The relative
enrichment of GFP-Crb2 at the break site was calculated by normalizing the cut/uncut ratio
from each oligo pair flanking the cleavage site versus the cut/uncut ratio for an oligo pair at
uncut /ysI*. The location of the integrated 1-Ppol cleavage site (black triangle), the
hygromycin B selection mark (/p/#) and the approximate position of each oligo pair in the
uras-SPBC725.04 region of chromosome |1 is shown (drawn to scale, black boxes denote
annotated ORFs, illustrated in the reverse complement orientation).
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Oligos.

Table |

Oligo

Sequence

355 arg3 ORF r2
356 lysl ORF r2
358 lys1 RT

361 lysl RTR

396 SV40p rev

397 SV40t fwd

468 HO ATG I-Ceul
469 HO Stop I-Ceul
470 Ipo ATG I-Ceul
471 Ipo Stop I-Ceul
512 ADHt fwd

516 rRNA.22F

517 rRNA.22R

544 ura5 RT fwd
545 ura5 RT rev
611 ura5 5" fwd3
612 ura5 ORF rev2
618 .5 ura5 up

619 .5 ura5 dn

620 2.0 ura5 up

621 2.0 ura5 dn

622 10.0 ura5 up
623 10.0 ura5 dn
624 30.0 ura5 up
625 30.0 ura5 dn
635 lysl RTR2

636 lys1 RT3

637 5.0 ura5 up

638 5.0 urab dn

724 rRNA.22 fwd2
725 rRNA.22 rev2
844 lys1 5 fwd
914 lys1 5" I-Ppol
916 rDNA 5" 1-Ppol
917 rDNA 3’ I-Ppol
920 his3 RT For
921 his3 RT Rev
924 1-Ppol hph 3’

5’-TACCAACCTTGGCATTTGCAATC-3’

5'-CAGAAGGAGCGTCTGGAGCATTG-3’

5'-GAAGGTTTTAGGCAGTTCGAAC-3’

5'-TTGTTTGACTCTTAAGTCTCTCAG-3’

5 -ATGGATATACAAGCTCCCGG-3’

5’-GAGATTTCGATTCCACCGCC-3’
5'-GATCGATAACTATAACGGTCCTAAGGTAGCGAATGCTTTCTGAAAACACGACTATTC-3
5’-GATCGATCGCTACCTTAGGACCGTTATAGTTATTAGCAGATGCGCGCACCTGCGTTG-3
5’-GATCGATAACTATAACGGTCCTAAGGTAGCGAATGGCGCTCACCAATGCTCAAATC-3’
5'-GATCGATCGCTACCTTAGGACCGTTATAGTTATTATACCACAAAGTGACTGCCCCTTTG-3’
5’-AGTATGAGGTCGCTCTTATTGAC-3’

5’-CGCAATGTGATTTCTGCCCAGTG-3’

5'-GTGGGAATCTCGTTAATCCATTC-3’

5'-GCTTTTTTCTTTTGTGAGTATCAACG-3’

5'-GTAAATACCAACTAACTTCACTCTC-3’

5'-TGGACTGGAGACTCACATGTCAG-3’

5’-GCAGTTCCAGCGGTAATAACATC-3’

5’-GGACAGCCATTGTAACTTATGAAC-3’

5'-GTACCATTTATTGACTGGATTAGTC-3’

5’-ATTCCATTTCCTCTGGTGAGAATG-3’

5’-CCAATAAATGCTATAAACGAACTCC-3

5’-AGCCTGAAAATGTGGATATTAAAGC-3’

5’-ACAAACTCAGGTCCTAAGAAAAGC-3’

5’-AATTCCCAGTTTCCGTGTGCAAG-3’

5'-GTAGGGTCAGATACGTAAATAGTC-3

5’-GAACAAGAGTTTTACGAGGGTCATC-3’

5’-ACCTTTTAGCCAAAGTGTGCGATC-3’

5’-ATCGATATCGCTCGCTGGTAGTAC-3’

5 -ACACTAGCTGGAAATGAGCATAGTG-3’

5’-CTGTCTAATTAAAACATAGCATTGC-3’

5’-CCAGGCTGTGGTTTCGCTAGATAG-3’

5’-GAGTCATCTACAATACTGGC-3’

5’-TCGAACATTTGACACTCTCCG-3’

5’-CAATGTGATTTCTGCCCAGTG-3’

5'-GGCTGTGGTTTCGCTAGATAG-3’

5’-TTACCAAGCCACTAACACCAG-3’

5’-GCAGAGACCGTATACATTCCG-3’

5’-CCACACCCTAACTGACAAGATC-3

Underlined sequence denotes I-Ceul sites.
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Fission Yeast Strains.
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Strain Genotype

1913 h- leu1-32

YSS15 h- leu1-32 lys1=HOS-kanMx6

YSS151 h- leu1-32:pDUAL-TETp-1-Ppol

YSS154 h- leul-32:pDUAL-TETp

YSLS798 h- leu1-32:pDUAL-TETp-HO

YSLS802 h- leul-32:pDUAL-TETp lys1:HOS-karn*

YSLS803 h- leu1-32:pDUAL - TE Tp-1-Ppol lys1=HOS-kan*

YSLS804 h- leul-32:pDUAL-TETp-HO lys1:HOS-kar*

YSLS790-3  f- feu1-32:pDUAL-TETp-I-Ppol rDNA-poimt

YSLS792 h- leu1-32:pDUAL-TE Tp-1-Ppol rDNA-FPoImE [ys1::1-PpolCS-hph*

YSLS793 h- leu1-32:pDUAL - TE Tp-1-Ppol rDNA-FPoIMt [ys1::HOCS-hph*

YSLS702 h- leul-32:pJK148-REP8I-GFP-crb2" crb2Akart

YSS197 h- leul-32:pJK148-REP81-GFP-crb2" crb2Akan arg3:TETp-1-Ppol-natt

YSS226 h- leul-32:pJK148-REP8I-GFP-crb2* crb2Akant arg3:TETp-1-Pool-natt uras:1-PpolS-hph*

YSS271 h- leul-32:pJK148-REP81-GFP-crb2* crb2Akan* arg3:TETp-1-Pool-natt rDNA-Fpoimt

YSS289 h- leul-32:pJK148-REP81-GFP-crb2* crb2Akant arg3:TETp-1-Ppol-nat” rDNAFPOIME yras::(-PpolCS-hpht
YSLS783 h- leul-32:pJK148-REP8I-GFP-crb2* crb2Akant arg3:TETp-1-Pool-natt rDNAFPOIMt yras::|-PpolCS-hpht kmt5Absd*
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