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Abstract

A single double-strand break (DSB) induced by HO endonuclease triggers both repair by
homologous recombination and activation of the Mec1-dependent DNA damage checkpoint in
budding yeast!~6. Here we report that DNA damage checkpoint activation by a DSB requires the
cyclin-dependent kinase CDK1 (Cdc28) in budding yeast. CDK1 is also required for DSB-induced
homologous recombination at any cell cycle stage. Inhibition of homologous recombination by
using an analogue-sensitive CDK1 protein’-8 results in a compensatory increase in non-
homologous end joining. CDK1 is required for efficient 5" to 3’ resection of DSB ends and for the
recruitment of both the single-stranded DNA-binding complex, RPA, and the Rad51
recombination protein. In contrast, Mrell protein, part of the MRX complex, accumulates at
unresected DSB ends. CDK1 is not required when the DNA damage checkpoint is initiated by
lesions that are processed by nucleotide excision repair. Maintenance of the DSB-induced
checkpoint requires continuing CDK1 activity that ensures continuing end resection. CDK1 is also
important for a later step in homologous recombination, after strand invasion and before the
initiation of new DNA synthesis.

In budding yeast, a chromosomal DSB created by HO endonuclease has been used both to
study the kinetics and efficiency of DSB repair and to analyse the induction of the DNA
damage checkpoint dependent on Mecl (an ATR homologue). In cells carrying HML or
HMR mating-type switching donor sequences, a DSB at the MAT locus is efficiently
repaired by gene conversion. In strains lacking donor sequences, induction of an
unrepairable DSB causes arrest of cell cycle progression before anaphasel-2. In both
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instances, a key step is the 5" to 3’ resection of DSB ends to produce single-stranded DNA
(ssDNA), which is bound by the RPA complex. RPA binding is essential both for
association of Mec1 checkpoint kinase® and for loading of Rad51 recombination protein®.

Activation of the Mec1-dependent DNA damage checkpoint after a DSB is regulated by the
cell cycle3, with no activation in G1-arrested cells. A DSB induced in cells that have been
arrested in G1, and then released into S phase, results in hyperphosphorylation of the Mec1
target Rad53 after the completion of S phase, in G2 (Supplementary Fig. S1a). To test
whether the checkpoint depends on the activity of cyclin-dependent kinases, we inactivated
CDK1 in nocodazole-blocked G2 cells. We overexpressed the CDK1/Clb inhibitor, Sicl
(ref. 10), in G2 cells at the same time that an unrepairable DSB was induced at MAT. CDK1
inactivation is measured by the progressive dephosphorylation of the B subunit of DNA
polymerase-a, a marker for Cdc28/Clb activity! (Fig. 1). SIC1 overexpression prevents the
accumulation of phosphorylated Rad53 and Chk1 (Fig. 1) and impairs hyperphosphorylation
of the upstream checkpoint factors Ddc2 and Rad9 as well as Mrell (Fig. 1). Because the
phosphorylation of Ddc2 and Rad9 is directly mediated by Mec1 kinase, we conclude that
CDK1 inactivation affects Mec1.

To determine whether G1-arrested cells are able to perform homologous recombination
(HR), we arrested MATa cells with a-factor and then induced a DSB with HO.
Recombination between HML«a and MATa, monitored by Southern blots, was nearly absent
in comparison with that in cells growing exponentially or in cells arrested in G2 with
nocodazole, where replacement of MATa by MAT a was efficient (Fig. 2a).

Inhibition of HR in G1-arrested cells was also seen in a diploid where a DSB at MAT could
be repaired only by allelic recombination with an uncleavable MATa-inc locus on a
homologous chromosome (Fig. 2e). We obtained similar inhibition of HO-induced
recombination in G1 haploid cells when an HO-induced DSB was repaired by ectopic
recombination between chromosomes Il1 and V (ref. 5; data not shown).

To establish that the failure of HO-induced recombination in G1-arrested cells was
attributable to a lack of Cdc28 activity, we examined recombination in cells expressing
Cdc28-as1, a mutant sensitive to the ATP analogue inhibitor 1-NMPP1 (ref. 7). Galactose-
induced HO cleavage was efficient, but cell-cycle-arrested cells failed almost completely to
repair the DSB (Fig. 2b). 1-NMPP1 did not affect repair in wild-type cells (Fig. 2c).

CDK1 is also required for HR in the G2/M stage of cell cycle. We arrested cdc28-as1 cells
in G2 with nocodazole and then induced the expression of HO. Whereas recombination was
normal in G2-arrested cells, MAT switching was nearly abolished in Cdc28-inhibited cells
(Fig. 2b).

Failure of both checkpoint activation and HR in G1-arrested cells and in both Sicl-inhibited
and Cdc28-as1-inhibited G2 cells correlates with an absence of 5 to 3’ resection of DSB
ends. The effect of overexpressing GAL1::SIC1 in nocodazole-arrested G2 cells was shown
by examining the rate of loss of the HO-cut MATa EcoRl restriction fragment in strains
lacking HML or HMR, where the DSB is not repaired (Fig. 3a). Inhibiting CDK1
counteracted degradation of the HO-cut fragment as well as additional fragments a greater
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distance from the DSB. Resection was not significantly affected in G2-arrested cells deleted
for Rad9, Rad17 or Mec1 checkpoint proteins!? (data not shown).

Similar defects in resection were seen in a-factor-arrested G1 cells and in all stages of the
cell cycle when Cdc28-asl was inhibited (Fig. 3a). Without resection, HO-cleaved MAT
sequences fail to bind either RPA or Rad51 (Fig. 3b and Supplementary Fig. S1) as
determined by chromatin immunoprecipitation (ChIP). A similar failure of RPA loading was
seen when CDK1 was inhibited by Sicl overexpression (Fig. 3b). In contrast, both resection
and RPA and Rad51 binding are seen in nocodazole-arrested G2 cells, in which CDK1 is
active (Fig. 3b). Without RPA and Rad51 binding, HR should not occur. The absence of
RPA recruitment to DSB ends in CDK1-inhibited cells also accounts for the failure to
activate the Mec1-dependent DNA damage checkpoint, because Mec1-Ddc2 recruitment
depends on prior binding of RPA?.

The 5’ to 3’ resection of HO-induced DSB ends is reduced, but not eliminated, in cells
deleted for MRE11, RAD50 or XRS2 (ref. 1). However, there are cell cycle differences in the
control of resection. In G2-arrested cells, 5 to 3’ resection depends almost completely on the
MRX complex!3, but in G1-arrested cells there is still residual resection when RAD50 is
deleted (Fig. 3a). When Cdc28-as1 kinase was inhibited in wild-type G2-arrested cells,
resection was as defective as in rad50A G2-arrested cells (Fig. 3a). We conclude that Cdc28
controls resection activity associated with the MRX complex. We note that Cdc2 in
Schizosaccharomyces pombe has been suggested to control the resection of DSBs, but
independently of Rad50 (ref. 14). Without resection, mrellA G2-arrested cells also fail to
activate the DNA damage checkpoint!® (Fig. 3c).

Because Mrel1 is required for DSB resection and checkpoint activation15.16 we asked
whether defective resection caused by CDK1 inactivation reflects the inability to load
Mrell on broken chromosomes. We found Mrell at DSBs in G2 cells (Fig. 3b and
Supplementary Fig. S1), even when CDK1 is inactive. However, whereas in wild-type cells
the amount of Mrel1l crosslinked near the DSB declines by 2 h, in Sicl-overexpressing cells
Mrell remains associated with unresected ends. Transient association of Mrell with DSB
ends in wild-type cells might suggest that MRX proteins migrate down DNA as resection
proceeds; however, we could not detect significant association of Mrell with DNA 5
kilobases (kb) from the HO cut even after several hours (when resection has reached and
passed this region®) (data not shown). However, it is possible that Mre11 becomes spread
out and undetectable. CDK1 inactivation therefore does not prevent Mrell loading onto
DSBs.

Although G1l-arrested cells fail to perform efficient DSB-induced HR, they exhibit an
increased efficiency of non-homologous end joining (NHEJ). In strains lacking HML or
HMR, repair of the DSB occurs only by Ku- and DNA ligase 4-dependent rejoining of the 4-
base-pair (bp) 3’-overhanging complementary HO-cleaved ends’. When 1-NMPP1 was
added 30 min before 1 h of HO induction in growing cells, NHEJ increased fivefold, from
12% to 65% (Fig. 2f). The same increase in NHEJ was observed when CDKL1 inhibitor was
added to nocodazole-arrested G2 cells (Fig. 2f). These results support and extend previous
suggestions8:19 that the higher stability of DSB ends in G1-arrested cells stimulates NHEJ,
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which we propose might result from a lack of resection of these ends. In addition, NHEJ is
probably aided by the retention of the end-joining protein Mrell at DSB ends (Fig. 3b).

Lack of checkpoint activation in CDK1-inhibited cells proves to be specific for DSB
damage and not for other conditions that induce Mec1-dependent checkpoint activation. For
example, G1 cells exposed to the ultraviolet-mimetic agent 4-nitroquinoline 1-oxide
(4NQO) exhibit Rad53 phosphorylation!! (Fig. 4a). CDK1 activity is therefore not required
when the checkpoint is activated by presumably ssDNA intermediates of nucleotide excision
repair. Furthermore, CDK1 inhibition does not affect checkpoint activation in response to S-
phase arrest caused by hydroxyurea??, during which ssSDNA intermediates arise at stalled
replication forks2L. We conclude that CDK1 influences Mec1-dependent checkpoint
activation only when the DNA damage involves DSBs that must be resected to generate
SSDNA.

We tested whether CDK1 activity was required for the maintenance of the active checkpoint
state and continuing DSB resection. DSB formation was induced in wild-type and cdc28-as1
G2 cells. Both strains promote robust checkpoint activation, but when Cdc28-as1 was
inactivated by adding 1-NMPP1, both the checkpoint and DSB resection were turned off
(Fig. 4b, ¢). When inhibitor is added, a region 20 kb from the DSB fails to be degraded (Fig.
4c). Hence, CDK1 is required for ongoing resection and for maintaining the checkpoint.
Indeed we believe that the signal for checkpoint maintenance is not simply the presence of
ssDNA but rather some event that is linked to the continuing resection process.

Beyond affecting the formation of ssSDNA, CDK1 seems to have a second function during
HR. First, although in G2-arrested cells both the rad50A mutation and inhibition of Cdc28-
asl have the same effect on resection (Fig. 3a), recombination still occurs at about 20% of
wild type in rad50A cells but is completely abolished when Cdc28-asl is blocked (data not
shown). This suggests that Cdc28 must affect other steps in DSB repair. To examine
CDKZ1’s role more directly, we added inhibitor to cdc28-asl cells at intervals after initiation
of HO cleavage. When inhibitor was added 4-6 h after break induction, the extent of repair
was unaffected, but at earlier times the addition of inhibitor reduced the completion of DSB
repair (Fig. 5a). The most striking results were found when inhibitor was added 2 h after
DSB induction. By this time, most DSB ends have been resected sufficiently to bind both
Rad51 and RPA%8. This is evident from ChIP analyses showing that, by 90 min, RPA and
Rad51 had bound near the HO cut as efficiently as in wild-type cells. Moreover, Rad51-
ssDNA filaments succeeded in strand invasion and synapsis with the donor, so that the HML
locus (200 kb from MAT) could be immunoprecipitated by anti-Rad51 antibody®. As shown
in Fig. 5b and Supplementary Fig. S1, Rad51-mediated synapsis between MAT and HML
was comparable to that seen without inhibitor at each time up to 4 h, when MAT switching is
complete without inhibitor. However, the next step in repair, the initiation of new DNA
synthesis (primer extension) from the 3’ end of the invading strand, was severely impaired in
cells to which inhibitor was added (Fig. 5¢ and Supplementary Fig. S1). We conclude that
CDK1 is required after synapsis and before the initiation of new DNA synthesis, a process
that requires the loading of the proliferating cell nuclear antigen (PCNA) clamp and the
recruitment of DNA polymerase.
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The Cdc7 protein kinase is activated by CDK1 and is required for the initiation of DNA
replication?2. Using an analogue-sensitive allele of CDC7, cdc7-as3, we showed that HO-
induced recombination is efficient in Cdc7-as3-inhibited cells (Fig. 2d). Thus, cells arrested
in late G1, before the initiation of S phase but beyond the START point where CDK1 is
activated, are capable of resecting DSB ends and completing HR.

Results presented here reveal a central role for budding yeast’s CDK1, Cdc28, in the
regulation of DSB repair. First, when CDK1 is inactive, in G1 cells before passing START,
HR is markedly reduced, as it is in G1-stage mammalian cells. This observation is supported
by the finding that G1-arrested yeast cells fail to form DNA-damage-induced foci of Rad52
protein23, Moreover, the DNA damage checkpoint, which requires extensive resection of
DSB ends, is not activated in G1-arrested cells3. We note that HR is not completely
abolished in G1l-arrested or Cdc28-inhibited cells; there is still residual 5" to 3’ resection of
DSB ends (apparently by a Cdc28-independent exonuclease) and about 5-10% of product is
still formed. The CDK1-dependent regulation of HR and NHEJ might also help to explain
the cell-cycle specificity of DSB repair in mammalian cells. Mammalian G1 cells
predominantly repair ionizing radiation damage by NHEJ?4. Similarly, V(D)J recombination
by NHEJ during lymphoid development is restricted to GO/G1 phases of the cell cycle by the
tight regulation of RAG2 gene expression and protein degradation. When RAG2 is expressed
throughout the cell cycle it causes aberrant recombination products involving HR25. Once
cells have passed START, HR is activated, allowing DSBs arising during replication to be
repaired efficiently by HR.

We show that CDK1 is required for the establishment and maintenance of the Mecl/Rad53-
mediated checkpoint response after DSB formation and for initiating and sustaining Mrel1-
dependent DSB resection. CDK1-mediated DSB resection influences checkpoint activation
by allowing the formation of RPA-ssDNA filaments. Mrel1 loading at DSB ends is not in
itself sufficient to promote checkpoint activation, suggesting that Mec1-dependent
checkpoint activation is instead influenced by the Mrel1-mediated formation of RPA
filaments. A tantalizing possibility is that in G2 CDK1 regulates the phosphorylation state of
the MRX complex and/or other as yet unidentified factors implicated in DSB processing.
Indeed several proteins implicated in DNA recombination are targeted by CDKs, including
Xrs2, RPA and Srs2 (refs 8, 20). However, we note that neither mre11-T294V/S379A/
S413A/T529V/S560A/T677V nor xrs2-T108V/S542A (in which the putative Cdc28-
dependent phosphorylation sites have been mutagenized) exhibit hypersensitivity to DNA-
damaging agents or appreciable defects in checkpoint activation after a DSB in G2 (data not
shown). CDKs have been also implicated in the phosphorylation of checkpoint proteins
(namely Rad9, Drc1/SId2, Ddc1, Duni and Ptc3)8:26:27; however, it is not known whether
these phosphorylation events have any role in checkpoint activation or rather in recovery
from damage.

A hypothesis suggested by our data is that CDK1 has a key function in regulating alternative
DSB repair pathways (NHEJ or HR) in G1 and G2. Hence, CDK1 inactivation in G2 seems
to promote a G1-like repair response. Since Mrel1 is required both for NHEJ and HR28,
perhaps in CDK1-limiting G2 cells, Mrell is “frozen’ in a NHEJ-proficient status, unable to
resect DSB ends and therefore to generate checkpoint signals. This is also in accordance
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with observations in vitro showing that MRX complexes protect DNA ends from other
exonucleases?®.

Strains used to study DSB ends resection, DNA damage checkpoint activation and NHEJ
were derivatives of JKM139 (hoA MATa hmlA::ADE1 hmrA::ADE1 ade1-100 leu2-3,112
lys5 trplA::hisG ura3-52 ade3::GAL::HO) or JKM179 (same genotype except MAT a),
carrying GAL1::SIC1 (integrating pMHT plasmid with a stable version of the SIC1 gene
under the GAL1 promoter!l, kindly provided by J. Diffley); CHK1-13MYC; DDC-4HA;
RAD9-13MYC; mrellA; meclAsmilA; rad50A; barlA; cdc28-asl; cdc5-ad or the
combination of these mutations. In MATa-inc strains the HO recognition site has a 1-bp
substitution that prevents HO endonuclease cleavage. The diploid strain used to study DSB-
induced checkpoint activation and resection was MATa/MATa-like, where part of the Y a
sequence was replaced with KANMX. MAT switching was tested in MATa HMLa HMRa
ade3::GAL::HO ade1-100 leu2-3,112 lys5 ura3-52 barlA strains, some carrying cdc28-asl
or cdc7-as3. In the experiment shown in Fig. 2b, gene conversion from both HML and HMR
yields cells that remain a-factor sensitive because both HMR and HML contain Ya
information. In the strain used to study allelic recombination, the recipient chromosome has
an insertion of URA3 at PHO87 located 5 kb to the left of MAT, whereas the donor
chromosome has the Y @ and Z1 sequences of MAT a replaced by KANMX and is not cut by
HO endonuclease.

Fluorescence-activated cell sorting analysis

Fluorescence-activated cell sorting was performed as describedS.

CDK1 inactivation, a-factor arrest and nocodazole arrest

CDK1 and Cdc7 were inactivated in cdc28-as1 and cdc7-as3 strains by adding the ATP
analogue inhibitor 1-NMPP1 at 5uM unless otherwise indicated. In cdc28-asl, cdc7-as3 and
wild-type cells, inhibitor was added 1.25 doubling times before inducing HO unless
otherwise indicated. Cells were arrested in G1 with 10ug ml~1 a-factor (or 0.5ug mI~1in
bar1A strains). Cells were arrested in G2/M with 20ug ml~1 nocodazole.

HO induction

Strains were grown in YP-lactate (1% Bacto yeast extract, 2% Bacto peptone, 3% lactic
acid, pH 5.5) and HO induction was done as described previously?.

5’-3” strand resection at a DSB

Resection was measured as a rate of HO-cut band disappearance. In some cases the resection
of sequences distant from the break was also measured. Purified genomic DNA, digested
with EcoRlI (Fig. 3) or Styl (Fig. 4), was separated on a 1% agarose gel, transferred to
Hybond N* and probed with 32P-labelled DNA from MATa and from sequences 20 kb
proximal to the DSB to establish the rate of resection. Hybridization to HIS4 or LEU2 (both
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more than 100 kb away) was used to normalize the amount of DNA at each time point. The
rate of resection at each time point was plotted as the percentage of the density of the initial
cut band. The density of the HO-cut band at t = 1 h was set to 100%.

NHEJ efficiency

NHEJ was examined in a donorless cdc28-asl strain. 1-NMPP1 inhibitor was added 30 min
before HO induction. Re-cutting of MATa by HO was prevented by filtering cells out of
galactose-containing medium 30 min after DSB induction and diluting cells into YP-
dextrose. (1% Bacto yeast extract, 2% Bacto peptone, 2% dextrose, pH 5.5). The efficiency
of NHEJ was determined as the intensity of the MATa-containing restriction fragment 3 h
after HO induction, normalized to the amount of DNA.

Analysis of homologous recombination

MAT switching and other homologous recombination events were analysed on Southern
blots?. For MAT switching, genomic DNA was digested with Styl and Bglll (Fig. 2a) or with
Styl (Fig. 2b—d) and probed with a MAT-distal probe. For allelic recombination, DNA was
digested with Bglll and Pvul and probed with the MAT-distal probe to check the efficiency
of HO induction and with a MAT-proximal probe to check the appearance of the product.
Initial new DNA synthesis after strand invasion was determined by polymerase chain
reaction as described?, normalized to the amount of ARG5,6 DNA.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed as described previously*®. Antibodies
against Mrel1, Rad51 and RPA were provided by J. H. J. Petrini, A. Shinohara and S. Brill,
respectively.

Western blots

Protein extracts were performed as described3. Antibodies used for western blots were
Rad53 polyclonal antibody JD47 (a gift from J. Diffley), Mrell polyclonal antibody
(produced by the IFOM antibody facility) and monoclonal antibodies 9E10 (anti-Myc
epitope), 12CA5 (anti-HA (haemagglutinin) epitope) and 6D2 (ref. 11) (anti-B subunit).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CDK1 activity is required for DSB-induced phosphorylation of checkpoint proteins in G2

cells. The phosphorylation of checkpoint proteins in the presence of an HO-induced
unrepaired DSB in G2/M cells arrested with nocodazole (N) is shown, comparing cells with
active CDK1 or GAL::SIC1-inactivated CDK1.
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Figure2.
CDKU1 is required for homologous recombination. a, MAT switching is initiated by creating

an HO-induced DSB at the MAT locus that is repaired by gene conversion from HML or
HMR. MAT switching is shown in asynchronous cells or cells arrested in G1 (a-factor arrest)
or G2/M (nocodazole arrest). b—d, MAT switching in cdc28-asl (b), wild-type (c) and cdc7-
as3 (d) strains with and without 1-NMPP1 inhibitor. e, Allelic recombination in a cdc28-asl
homozygous diploid strain. The position of two DNA probes is shown: MAT-distal (MD,
verifies DSB induction) and MAT-proximal (MP, detects product). f, Efficiency of NHEJ in
cdc28-asl cells with either active or inactive CDK1 at different stages of the cell cycle.
Error bars indicate s.d.
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Figure 3.
CDK1 is needed for DSB resection. a, The 5" to 3’ resection of DSB ends was analysed in

the indicated mutants and at different points in the cell cycle by loss of the HO-cut EcoRl
restriction fragment in a strain lacking HML or HMR. b, ChlIP analysis of binding of RPA
(left), Rad51 (centre) and Mrel1 (right) to DSB ends in a donorless strain*5, in
asynchronous or G1 cells and in G2/M-arrested cells with or without Sicl inhibition of
CDKZ1. Where error bars are shown, results are means + s.d. ¢, Lack of Rad53
phosphorylation in mre11A G2/M-arrested cells, compared with other conditions.
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CDK1 is required to maintain Rad53 activation in response to a DSB but not after damage
by 4NQO. a, In G1l-arrested cells, Rad53 is not phosphorylated when an HO-mediated DSB
is induced by galactose, but is triggered when 4NQO provokes nucleotide excision repair. In
nocodazole-arrested G2/M cells, treatment with 4ANQO causes Rad53 phosphorylation even
when CDK1 is inhibited by Sicl. b, At 6 h after DSB induction, when the checkpoint is
established and Rad53 is phosphorylated, 1-NMPP1 was added to either CDC28 or cdc28-
asl strains. ¢, Rad53 phosphorylation is lost when CDK1 is inactivated, and resection of a
Styl fragment, 20 kb from the DSB, is inhibited. Open triangles, cdc28-asl G2 + 1-NMPP1,

filled triangles, cdc28-as1 G2, open circles, wild type G2 + 1-NMPP1.
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Figureb5.

Role of CDK1 in a late stage of MAT switching. a, Cdc28-as1 was inhibited in cells at

different times before and after HO induction, and the amount of product formed at 6 h was

determined. b, Strand invasion was tested by ChIP analysis for RPA and Rad51 in a cdc28-
asl strain. The diagram shows homologous sequences (dashed outlined boxes) and primers
used to detect immunoprecipitation (IP) of MAT (p1, p2) or HML (p1, p3) with anti-Rad51
or Rfal antibodies. Symbols indicate the time at which inhibitor was added with respect to
break induction: triangles, no inhibitor; squares, 0.5 h; circles, 1.5 h. ¢, Polymerase chain
reaction detects the first new DNA synthesis primed by the 3/ invading end after strand
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invasion. Circles, no inhibitor; triangles, 1-NMPP1 added 1.5 h after HO induction. Where
error bars are shown, results are means = s.d.
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