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Meiotic cells generate physiological programmed DNA double-strand breaks (DSBs) to initiate meiotic
recombination. Interhomolog repair of the programmed DSBs by meiotic recombination is vital to ensure
accurate chromosome segregation at meiosis I to produce normal gametes. In budding yeast, the DNA
damage checkpoint kinase Rad53 is activated by DSBs which accidentally occur as DNA lesions in mitosis
and meiosis; however, meiotic programmed DSBs which occur at �160 loci per genome fail to activate
the kinase. Thus, Rad53 activation appears to be silenced in response to meiotic programmed DSBs. In
this study, to address the biological significance of Rad53’s insensitivity to meiotic DSBs, we examined
the effects of Rad53 overexpression on meiotic processes. The overexpression led to partial activation
of Rad53, uncovering that the negative impacts of Rad53 kinase activation on meiotic progression, and
formation and interhomolog repair of meiotic programmed DSBs.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction tiated by the Rad17–Ddc1–Mec3 (i.e., 9-1-1) and Mec1–Ddc2 com-
Meiotic cells generate physiological programmed DSBs, required
for gamete production along with two serial cell divisions, meiosis I
(MI) and meiosis II (MII), following a single round of DNA replica-
tion. The meiotic DSBs are produced by the topoisomerase-like
protein Spo11 to initiate meiotic recombination [1]. A key feature
of meiotic recombination is to repair the programmed DSBs, if
not all, by interhomolog recombination with crossover (CO),
orchestrated by two RecA-like DNA strand exchange proteins,
Rad51 and meiosis-specific Dmc1 [2–4]. Interhomolog CO recombi-
nation makes a connection between homologous paternal and
maternal chromosomes to ensure their accurate segregation at
MI. On the other hand, in somatic cells, to maintain genome integ-
rity, DSBs that accidentally occur as DNA lesions during S and G2
phases are repaired by intersister recombination [5].

Accidental and meiotic programmed DSBs are subjected to 50

end processing to produce 30 single-stranded DNA tails that not
only serve substrates for homologous recombination but also elicit
checkpoint signaling [6,7]. In budding yeast, checkpoint signaling
pathways in response to accidental and meiotic DSBs are both ini-
plexes [6,7]. Ddc2 binds to replication protein-A that coats the
single-stranded DNA tails to recruit Mec1 kinase to DSB sites
where Mec1 activation is mediated by 9-1-1 [8,9].

The distinct sets of proteins function at the signaling steps fol-
lowing Mec1 activation. The DNA damage checkpoint kinase Rad53
is activated by accidental DSBs in meiosis as well as in mitosis
[10,11]. Programmed DSBs activate the meiosis-specific Rad53
paralog Mek1/Mre4 (hereafter Mek1) [12,13]. Rad53 and Mek1 ki-
nases, whose activation requires Rad9 and Hop1 mediators, are
important for DNA damage checkpoint and meiotic recombination
checkpoint, respectively [6,7]. These checkpoints coordinate
progression of cell cycle with chromosome metabolisms [6,7,12].
In addition, the Mek1-dependent recombination checkpoint cre-
ates interhomolog bias to promote interhomolog repair of meiotic
DSBs [14,15].

Rad53 kinase appears to be unresponsive to meiotic pro-
grammed DSBs. Meiotic DSBs that occur at least 160 loci per cell
[16] fail to activate Rad53 in wild type and even in dmc1 deletion
cells [11]. Since Dmc1 is required for interhomolog repair, the
dmc1 mutant accumulates unrepaired meiotic DSBs with extensive
single-stranded DNA tails, thus activating the Mek1-dependent
recombination checkpoint [3,12,17,18]. In contrast, even a single
unrepaired DSB activates Rad53 in mitosis [10].

In this study, to address why Rad53 fails to respond to meiotic
physiological programmed DSBs, we examined the influences of
Rad53 overproduction on meiotic processes. The data suggest that
Rad53 activation has negative impacts on meiotic progression and
formation/repair of the programmed DSBs.
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2. Materials and methods

2.1. Strains and plasmids

All strains described here are derivatives of SK1 diploids
(Table S1). About 0.5 kb DNA fragment containing 50 untranslated
region (UTR) of DMC1 gene fused with C terminal 6� FLAG-tagged
RAD53 or rad53-kinase dead (KD) was cloned in pRS406 to make
plasmids pUS13 and pUS14, respectively. To integrate DMC1pr-
FLAG-RAD53 or DMC1pr-FLAG-rad53-KD in the ura3 locus, a SK-1
wild type was transformed with PstI-digested pUS13 or pUS14.
RAD51 cDNA was fused with the DMC1 50 UTR fragment was cloned
in pBluescript SKII+ to make plasmids pUS29. A SacI fragment con-
taining KANMX6 was cloned in pUS29 to make pUS30. To integrate
DMC1pr-RAD51 in the RAD51 locus, a SK-1 wild type was trans-
formed with EcoRI-digested pUS30 and grown on YPD with
100 lg/ml G418. The resulting strain carried two copies of RAD51
expressed from the native or DMC1 promoters. DMC1 and RAD54
genes were deleted by a PCR-based method [19] using the primer
sets shown in Table S2.
2.2. Meiotic cell analyses

After SK-1 diploid cells were introduced into meiosis, meiotic
cell cycle progression was monitored by 40,6-diamidino-2-phenyl-
indole (DAPI) staining, and immunostaining of meiotic spread
Fig. 1. Meiosis-specific Rad53 overproduction delays meiotic progression. (A) Western b
Rad53 expression level and kinase activity were examined. A lane labeled with the ast
native RAD53 promoter. All cell extracts were prepared from 4 h meiotic cells. Cell ext
Dilutions of RAD53-OE extracts were examined accordingly. 32P-Rad53 represented 32P i
examined by FACS analysis. Arrows show that premeiotic DNA replication is not comp
strains by DAPI staining. Y-axis represents the percentage of cells that completed meio
represent standard deviation (SD) calculated from at least three independent experimen
nuclei was performed as described [20,21]. The DNA content of
meiotic cells was examined by FACS Calibur flow cytometer (BD
Biosciences). For Western blot analysis, trichloroacetic acid
(TCA)-precipitated cell extracts were made as follows: 2 � 108

meiotic cells were fixed in 20% TCA and disrupted with glass beads
using Bead Shocker (Yasui Kikai). TCA precipitates were collected
and suspended in 0.24 ml of SDS-loading buffer supplemented
with 0.33 M Tris–HCl (pH 8.0). The in situ autophosphorylation
(ISA) assay was performed as described previously [10]. 32P-incor-
poration to Rad53 was visualized with BAS2000 (Fujifilm). Anti-
Flag (M2, Sigma), anti-alpha-tubulin (Serotec), anti-Rad51 [2],
and anti-Dmc1 [21] were used for Western blot and immunostain-
ing. Immunostained samples were observed as described previ-
ously [22]. Physical analyses of crossover/non-crossover (CO/
NCO) recombinants at the HIS4-LEU2 locus were performed as
described [21,23].
3. Results

3.1. Meiosis-specific overexpression of Rad53 kinase delays cell cycle
progression

A previous study showed that Rad53 activation by tethering the
kinase to meiotic DSBs as a fusion to Ddc2 does not affect meiosis
[11]. Here, we simply overexpressed Rad53 as a free (non-teth-
ered) form in meiosis using a strong meiosis-specific promoter of
lot analysis of TCA-precipitated meiotic cell extracts of the indicated strains. (B) The
erisk shows fully activated Flag-Rad53. Wild type expressed Flag-Rad53 under the
racts (4 � 106 cells) were loaded for wild type, RAD53-OE (1/1) and rad53-KD-OE.
ncorporation to Rad53 in ISA assay. (C) DNA contents of the indicated strains were
leted in RAD53-OE. (D) Meiotic nuclear divisions were monitored in the indicated
sis I and II (Post-MI). At least 200 cells were counted each time points. Error bars
ts.
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DMC1 (hereafter DMC1pr) [3]. In addition to endogenous RAD53 al-
leles, diploid cells with FLAG-RAD53 or FLAG-rad53-KD (a kinase-
negative allele of RAD53) under DMC1pr were made (referred to
as RAD53-OE or rad53-KD-OE, respectively). RAD53-OE and rad53-
KD-OE increased amounts of Flag-Rad53 and Flag-Rad53-KD like
Dmc1 from 3 h in meiosis, respectively (Fig. 1A). When compared
to the expression level of Flag-Rad53 under the native RAD53 pro-
moter, RAD53-OE expressed Flag-Rad53 5–10 times more at 4 h in
meiosis (Fig. 1B). RAD53-OE showed shifted bands of Rad53 that
were not observed in rad53-KD-OE and wild type, and were less
Fig. 2. Meiotic DSB repair is delayed in Rad53-overexpressing cells. (A) The representative
are shown. Bar equals 5 lm. (B) The percentage of nuclei of the indicated strains that had
were done at least three times, and the representative data are shown. (C) Distribution o
and 5 h in meiosis is presented. The size of the bubbles shows the percentage of nuclei w
had more than five foci were plotted. Bars represent the average numbers of Rad51 foci pe
least 100 nuclei were examined. (D) Schematic presentation of the HIS4-LEU2 DSB site.
pNKY155 after genomic DNA was digested with XhoI. (F) Quantitative data of R1 + R2 ob
independent cultures.
extensive compared to activated Rad53 by DNA damage (Fig. 1B).
The band shifts corresponding with phosphorylation [10] suggest
Rad53 activation. Thus, we performed in situ autophosphorylation
(ISA) assay to detect autophosphorylation activity indicative for
Rad53 activation (Fig. 1B) [10]. RAD53-OE showed significant auto-
phosphorylation activity, whereas overexpressed Flag-Rad53-KD
and endogenous Flag-Rad53 did not. These data suggest that over-
expression leads to partial Rad53 activation in meiosis.

To test whether Rad53 overexpression affects meiotic progres-
sion, we monitored premeiotic DNA replication and nuclear
images of Rad51 foci in spread nuclei of the indicated strains at 4 and 6 h in meiosis
more than five Rad51 foci as ‘‘focus-positive nuclei’’ was plotted. The experiments

f nuclei according to Rad51 foci number per nucleus in wild type and RAD53-OE at 4
hich had the certain Rad51 foci number in total nuclei examined. Only nuclei which
r nucleus (27 at 4 h and 9 at 5 h in wild type, 29 at 4 h and 35 at 5 h in RAD53-OE). At
(E) CO recombinants (R1 and R2) were detected by Southern blot using the probe
tained from Southern blot are plotted. Error bars represent SD obtained from three
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division by FACS and DAPI staining analyses, respectively. Com-
pared to wild type, RAD53-OE delayed completion of premeiotic
DNA replication by 1 h (Fig. 1C) and MI entry by about 3 h with
6 times more cells (20.5%) failing to enter MI than wild type
(3.3%) (Fig. 1D). The delay in RAD53-OE depended on Rad53 kinase
activity since rad53-KD-OE was indistinguishable from wild type
(Fig. 1C and D). However, RAD53-OE maintained normal spore
viability (98.2%, n = 384) comparable to wild type (99.0%,
n = 288). These results indicate that Rad53 activation during
meiosis impedes events in meiotic prophase I.

We overproduced Rad53 in a spo11 catalytic mutant, spo11-
Y135F, which does not make meiotic DSBs [1]. The spo11-Y135F
RAD53-OE cells entered MI 1.5 h earlier than RAD53-OE but still
1.5 h later than wild type and spo11-Y135F cells (Fig. 1D), suggest-
ing that RAD53-OE delays MI entry in meiotic DSB-dependent
and -independent manners.

3.2. RAD53-OE delays meiotic DSB repair

To examine the effects of Rad53 overexpression on meiotic
recombination, we observed Rad51 focus formation on meiotic
chromosomes as indicative of recombination intermediates [20].
In wild type, Rad51 focus-positive nuclei (more than 5 foci/
nucleus) started to appear at 3 h in meiosis, peaked at 4 h, and
Fig. 3. Increased Rad53 kinase activity promotes meiotic DSB repair in dmc1. (A) The rep
shown. Bar equals 5 lm. (B) The percentage of the indicated strains’ nuclei that had mor
three times, and the representative data are shown. (C) Meiotic nuclear divisions were m
nucleus at 8 h in meiosis is presented as described in Fig. 2C. Bars represent the average
rad54 RAD53-OE). At least 50 nuclei were examined at each time point.
disappeared afterwards (Fig. 2A and B). In RAD53-OE, Rad51 foci
appeared at 3 h to a lesser extent than those in wild type,
suggesting that DSB formation is delayed (Fig. 2B). Then Rad51 fo-
cus-positive nuclei reached the wild type level at 4 h but peaked at
5 h, and disappeared slower than those in wild type, suggesting de-
lay in DSB repair after chromatin loading of Rad51 (Fig. 2A and B).
Consistently, RAD53-OE nuclei harbored more steady level of
Rad51 foci (35 ± 19 per nucleus at 5 h, n = 102) than wild type nu-
clei (27 ± 18 at 4 h, n = 112) at their peak (P = 0.0005, Wilcoxon
rank sum test) (Fig. 2B and C). The kinetics of Dmc1 focus forma-
tion was similar to that of Rad51 focus formation in RAD53-OE
meiosis (Fig. S1). The delayed Rad51/Dmc1 appearance and disap-
pearance in RAD53-OE cells required Rad53 kinase activity since
rad53-KD-OE mutant exhibited the similar kinetics to wild type
(Fig. 2A and B).

Rad51 focus formation in RAD53-OE depended on Spo11-depen-
dent DSBs since no Rad51 focus was observed in spo11-Y135F
RAD53-OE (Fig. 2A). The data excluded a possibility that Rad53
overexpression causes random DNA damage to form Rad51 foci
in meiosis.

We examined interhomolog crossover (CO) formation, the
repair product of meiotic DSBs, at an artificial hotspot, HIS4-
LEU2, by Southern blotting (Fig. 2D) [23]. Concomitant with disap-
pearance of Rad51 foci, formation of CO recombinants became
resentative images of Rad51 foci in the indicated strains at 8 and 12 h in meiosis are
e than five Rad51 foci was plotted as in Fig. 2B. The experiments were done at least
onitored as in Fig. 1D. (D) Distribution of nuclei according to Rad51 foci number per
numbers of Rad51 foci per nucleus (65 in dmc1, 30 in dmc1 RAD53-OE, 59 in dmc1
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evident at 5 h and reached plateau at 7 h in wild type and rad53-
KD-OE meioses whereas CO recombinant appearance delayed by
2 h and did not reached the wild type level until 10 h in RAD53-
OE meiosis (Fig. 2E and F). These data suggest that the elevated le-
vel of Rad53 kinase activity delays interhomolog repair of meiotic
DSBs.
3.3. RAD53-OE potentiates Rad54-dependent homologous
recombination repair of meiotic DSBs in dmc1

To test the effect of Rad53 overexpression on meiotic DSB
metabolism in a dmc1 mutant which accumulates DSBs with
extensive resection but fails to activate Rad53 [3,11], Rad51 focus
formation was examined. Rad51 focus-positive nuclei in dmc1
reached a plateau by 6 h and never decreased afterwards (Fig. 3A
and B). In contrast, Rad51 focus-positive nuclei in dmc1 RAD53-
OE reached the maximum level by 8 h (79.9%), but started decreas-
ing at 10 h (56.7%) (Fig. 3A and B). At 14 h, 12.1% of nuclei were
Rad51 focus-positive in dmc1 RAD53-OE whereas almost nuclei
were still positive in dmc1 (Fig. 3B). Thus, the data suggest that
Rad53 overexpression promotes Rad51 disassembly in dmc1. The
Rad51 disassembly depended on the kinase activity since Rad51
foci did not disappear in dmc1 rad53-KD-OE (Fig. 3A and B). dmc1
arrests in prophase I of meiosis permanently due to accumulation
of unrepaired DSBs [3]. Thus, the effect of RAD53-OE on dmc1-
Fig. 4. Increased Rad53 kinase activity inhibits interhomolog repair of meiotic DSBs in
meiosis. (B) CO recombinants were detected at 0, 12 and 24 h in meiosis as in Fig. 2E. (C)
with R2, only R1 was quantified. (D) CO/NCO recombinants (as illustrated in Fig. 2D) w
digested with XhoI and MluI. (E) Summary of meiotic phenotypes of the indicated strai
induced cell cycle arrest was examined. Unlike dmc1 and dmc1
rad53-KD-OE, 70% of dmc1 RAD53-OE cells finished MI at 14 h
(Fig. 3C). Thus, these data suggest that meiotic DSBs are repaired
in dmc1 RAD53-OE.

We examined whether disassembly of Rad51 foci in dmc1
RAD53-OE requires the Rad54 helicase since Rad54 promotes
Rad51-dependent homologous recombination [18,24]. Even after
10 h in meiosis, more than 90% of dmc1 rad54 RAD53-OE cells sus-
tained Rad51 focus-positive nuclei which are indistinguishable to
dmc1, dmc1 rad53-KD-OE, and dmc1 rad54 (Fig. 3A and B). Accord-
ingly, dmc1 rad54 RAD53-OE exhibited permanent cell cycle arrest
(Fig. 3C). At 8 h, an average number of Rad51 foci per nucleus in
dmc1 RAD53-OE (30 ± 28, n = 65) was smaller than that in dmc1
(65 ± 19, n = 57) (P = 4.9 � 10�10, Wilcoxon rank sum test), whereas
dmc1 rad54 RAD53-OE nuclei (n = 59) retained 59 ± 28 foci of Rad51
which is comparable to that in dmc1 (P = 0.4) (Fig. 3D), suggesting
that Rad54-dependent Rad51 disassembly occurs even at 8 h in
meiosis in dmc1 RAD53-OE. Collectively, these data suggest that ele-
vated Rad53 kinase activity potentiates the Rad51/Rad54-depen-
dent homologous recombination to repair meiotic DSBs in dmc1.
3.4. RAD53-OE inhibits interhomolog repair in dmc1

Previous studies showed that overexpression of Rad51 or Rad54
repairs meiotic DSBs by interhomolog CO recombination in dmc1
dmc1. (A) Western blot analysis of TCA-precipitated cell extracts at 0 and 3 h in
Quantitative data of R1 from B are plotted. Since unrepaired DSB signals overlapped
ere detected by Southern blot using the probe pNKY155 after genomic DNA was

ns.
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to produce viable spores [25–27]. Since DSB repair in dmc1 RAD53-
OE appeared to require Rad51 and Rad54, we examined whether
dmc1 RAD53-OE generates CO recombinants, compared to dmc1
RAD51-OE where Rad51 was overexpressed form DMC1pr
(Fig. 4A). CO recombinants were detected in dmc1 RAD51-OE but
not in dmc1 RAD53-OE (Fig. 4B and C), suggesting that Rad53 over-
expression channels DSB repair in dmc1 into non-interhomolog CO
pathway. Consistently, dmc1 RAD51-OE (79.9%, n = 288) but not
dmc1 RAD53-OE (0.7%, n = 288) produced viable spores. We also
checked the formation of interhomolog non-crossover (NCO), at
HIS4-LEU2 (R3 in Fig. 2C) in dmc1. NCO recombinants were not de-
tected in dmc1 RAD53-OE as well as dmc1 whereas DMC1 RAD53-OE
produced NCO at a similar level to wild type (Fig. 4D). Collectively,
in dmc1 RAD53-OE, meiotic DSBs did not appear to be repaired by
interhomolog recombination.
4. Discussion

To get insights into the biological significance of Rad53’s insen-
sitivity to meiotic DSBs, we examined the influences of meiosis-
specific overexpression of Rad53. Our data suggest that increased
kinase activity of Rad53 has negative impacts on meiotic progres-
sion and the formation and repair of programmed DSBs.

In this study, meiosis-specific overexpression of Rad53 reveals
the impacts of Rad53 kinase activation on the meiotic processes.
The previous study shows that Rad53 fusion proteins with Ddc2
that binds to DSBs [8,28] are activated by meiotic DSBs, but do
not affect meiotic processes [11]. Given the mobile nature of
Rad53 [28,29], Rad53 tethered to DSBs by Ddc2 may lose target
accessibility even though the kinase is activated. Consistently,
the Ddc2-Rad53 fusion does not fully function in mitosis [30].
Overexpression may facilitate trans autophosphorylation of
Rad53 required for Rad53 activation [29], providing mobile acti-
vated kinase in cells.

The delay of RAD53-OE in premeiotic DNA replication comple-
tion and DSB formation may be related to the finding that timing
of meiotic DSB formation is tightly linked to the regional comple-
tion of DNA replication in budding yeast [31]. The recent studies
show that Rad53 inhibits late origin firing in response to DNA dam-
age in mitosis by phosphorylating Sld3 and Dbf4, the binding part-
ner of Cdc7 kinase, both of which are required for origin firing
[32,33]. Therefore, delay in DSB formation may be due to the inhib-
itory effect of Rad53 overexpression on genome-wide origin firing
mediated by Sld3 and Cdc7-Dbf4. Alternatively, Rad53 may inhibit
Cdc7-Dbf4 kinase activity to disturb the axis-loop interaction of
meiotic chromosomes important for DSB formation [34]. A meio-
sis-specific protein Mer2, involved in the axis-loop interaction
[34], is phosphorylated by Cdc7 to promote DSB formation [35].
Interestingly, Cds1, the fission yeast Rad53 ortholog, downregu-
lates Mde2 required for the axis-loop interaction although there
is no Mde2 ortholog in budding yeast [36,37].

RAD53-OE interrupted interhomolog repair of meiotic DSBs but
eventually produced the wild type level of interhomolog CO/NCO
recombinants, suggesting that meiotic cells overcome the negative
effects of Rad53 overexpression. In contrast, when programmed
DSBs were not repaired by Dmc1 deficiency, increased Rad53 ki-
nase activity in turn promoted DSB repair. In dmc1 RAD53-OE,
Rad54-dependent homologous recombination that promotes inter-
sister repair with Rad51 [18] repaired meiotic DSBs, whereas resid-
ual interhomolog repair was inhibited. Thus, interhomolog
interaction function of Dmc1 [15,17,18] may antagonize the effect
of Rad53 overexpression on meiotic DSB repair. Interestingly, the
biochemical study using human proteins shows that the D-loop
structure of Dmc1 is more resistant to dissociation by Rad54 than
that of Rad51 [38].
Nevertheless, we cannot conclude that meiotic DSBs in dmc1
RAD53-OE are repaired by intersister recombination. We found that
spore inviability of dmc1 RAD53-OE was not suppressed by a spo13
mutation (data not shown). Since spo13 bypasses either MI or MII
[39], viable spores are formed in a mutant (i.e., dmc1 mek1 spo13)
where intersister recombination repairs meiotic DSBs [40]. The
data raise the possibility that dmc1 RAD53-OE repairs meiotic DSBs
by non-intersister recombination. Alternatively, given that cell cy-
cle arrest by recombination checkpoint is alleviated when unre-
paired meiotic DSBs decrease to a certain level [41], dmc1
RAD53-OE may promote intersister recombination to repair DSBs
enough to form spores, but fail to repair overall meiotic DSBs, thus
producing inviable spores. To define the molecular mechanisms of
Rad53-mediated DSB repair, the search of Rad53 targets is
underway.
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