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Fundamental cell cycle kinases collaborate to
ensure timely destruction of the synaptonemal

complex during meiosis
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Abstract

The synaptonemal complex (SC) is a proteinaceous macromolecu-
lar assembly that forms during meiotic prophase | and mediates
adhesion of paired homologous chromosomes along their entire
lengths. Although prompt disassembly of the SC during exit from
prophase | is a landmark event of meiosis, the underlying
mechanism regulating SC destruction has remained elusive. Here,
we show that DDK (Dbf4-dependent Cdc7 kinase) is central to SC
destruction. Upon exit from prophase |, Dbf4, the regulatory
subunit of DDK, directly associates with and is phosphorylated by
the Polo-like kinase Cdc5. In parallel, upregulated CDK1 activity
also targets Dbf4. An enhanced Dbf4-Cdc5 interaction pronounced
phosphorylation of Dbf4 and accelerated SC destruction, while
reduced/abolished Dbf4 phosphorylation hampered destruction of
SC proteins. SC destruction relieved meiotic inhibition of the ubig-
uitous recombinase Rad51, suggesting that the mitotic recombina-
tion machinery is reactivated following prophase | exit to repair
any persisting meiotic DNA double-strand breaks. Taken together,
we propose that the concerted action of DDK, Polo-like kinase, and
CDK1 promotes efficient SC destruction at the end of prophase | to
ensure faithful inheritance of the genome.

Keywords Dbf4-dependent Cdc7 kinase; homologous recombination; meiosis;
Polo-like kinase; synaptonemal complex

Subject Categories Cell Cycle; DNA Replication, Repair & Recombination
DOI 10.15252/embj.201695895 | Received 17 October 2016 | Revised 31 May
2017 | Accepted 2 June 2017 | Published online 10 July 2017

The EMBO Journal (2017) 36: 2488-2509

Introduction

Meiosis is central to the continuity of life in sexually reproducing
organisms through the production of gametes. In meiosis, a single
round of DNA replication is followed by two successive rounds of
nuclear division, leading to the reduction of genetic material by
exactly half. The unique aspect of meiosis lies in meiosis I, where
homologous chromosomes (homologs) separate; this is in sharp
contrast to mitosis or meiosis II, where sister chromatids separate
(Petronczki et al, 2003).

Meiotic chromosomes undergo dynamic morphological changes
as homologs align with one another (Cahoon & Hawley, 2016).
Sister chromatids are organized around a proteinaceous axis, which
is juxtaposed at close proximity along its entire length with the axis
of the homolog. The incorporation of a proteinaceous transverse fil-
ament between axes leads to the formation of a meiosis-specific
chromosomal structure called the synaptonemal complex (SC). By
adhering homologous axes in such a way, the SC provides a struc-
tural platform to promote efficient formation of crossovers between
homologs, a process that is catalyzed by the homologous recombi-
nases Rad51 and Dmcl.

The function and structure of the SC have been the subject of
extensive research in budding yeast (Tsubouchi et al, 2016). SC
components associated with chromosomal axes are highly relevant
for repressing usage of RadS1, which is involved in homologous
recombination (HR) during both mitosis and meiosis (Shinohara
et al, 1992). Unlike Rad51, Dmcl1 is only produced during meiosis,
where it is thought to play a specialized role in promoting inter-
homolog interactions in meiotic HR (Bishop et al, 1992). Thus, pref-
erential usage of Dmcl serves to promote interhomolog HR
(Schwacha & Kleckner, 1997; Lao et al, 2013). Redl and Hopl,
structural components of meiotic chromosome axes, and Mekl, a
meiosis-specific protein kinase functioning with Red1 and Hopl, are
essential for repressing HR in the absence of Dmcl (Schwacha &
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Kleckner, 1997; Wan et al, 2004). The phosphorylation of Hopl,
which is under the control of the recombination checkpoint (see
below), is also critical for repressing Rad51 (Carballo et al, 2008).

Given the central role of the SC in regulating meiotic HR, it is of
particular importance to understand the regulation of SC dynamics.
Prophase I is divided into substages based on SC morphology
(Roeder, 1997). During early-prophase I, newly replicated homologs
start to condense (leptotene) and pairing of homologs initiates SC
formation (zygotene). SC formation is considered complete when all
paired homologs are incorporated along their entire lengths into the
SC structure in mid-prophase I (pachytene). The SC is then disassem-
bled in late prophase I (diplotene), before entry into metaphase I. SC
behavior during the passage from pachytene to diplotene (referred to
as pachytene exit hereafter) warrants special attention as it encom-
passes the time when SC disassembly takes place. Timely SC disas-
sembly is essential for proper segregation of homologs at anaphase I,
as the SC would otherwise oppose the microtubule forces that are
responsible for separating homologs (Cahoon & Hawley, 2016).

Pachytene exit also coincides with the maturation of recombina-
tion intermediates into interhomolog crossovers (Sourirajan &
Lichten, 2008). Consistently, the timing of pachytene exit is closely
coordinated with the progression of HR by the recombination check-
point, also known as the pachytene checkpoint (Hochwagen & Amon,
2006). The recombination checkpoint is highly related to the DNA
damage checkpoint operating in mitotic cells, except that a major
downstream target of the signaling cascade is Ndt80, a meiosis-
specific transcriptional activator that governs the mid-to-late stages
of meiosis and sporulation including pachytene exit (Xu et al, 1995;
Chu et al, 1998). Budding yeast cells that progress past the recombi-
nation checkpoint make an irreversible commitment to meiosis and
swiftly disassemble the SC as they enter metaphase I (Tsuchiya et al,
2014). Thus, pachytene exit represents a key event in the prophase
I-metaphase I transition and commitment to the meiotic nuclear
divisions.

The mechanisms governing SC disassembly have just begun to
emerge. One major factor is Cdc5 (homolog of PLK1 and the only
Polo-like kinase in budding yeast), whose production is induced in
an Ndt80-dependent manner as cells exit pachytene (Chu et al,
1998; Sourirajan & Lichten, 2008; Acosta et al, 2011; Okaz et al,
2012). CdcS5 has also been shown to play a central role in regulating
the resolution of recombination intermediates in both mitosis and
meiosis (Sourirajan & Lichten, 2008; Matos et al, 2011, 2013; Szakal
& Branzei, 2013). Production of Cdc5 before pachytene exit triggers
untimely disassembly of the SC and resolution of recombination
intermediates (Sourirajan & Lichten, 2008), arguing that Cdc5 is a
major regulator of these events. During the prophase I-metaphase I
transition, Cdc5 was shown to interact with another fundamental
cell cycle kinase complex called Dbf4-dependent Cdc7 kinase (DDK;
Matos et al, 2008). DDK has drawn comparisons to cyclin-
dependent kinases (CDKs) as Cdc7 comprises the catalytic subunit,
whereas Dbf4 fulfills a crucial regulatory role within the complex
(Matthews & Guarné, 2013). Although its major role in vegetative
cells is in controlling the initiation of DNA replication, DDK also has
meiosis-specific roles in DSB formation and chromosome segrega-
tion (Matos et al, 2008; Sasanuma et al, 2008; Wan et al, 2008;
Murakami & Keeney, 2014). However, unlike Cdc5, which functions
after pachytene exit (Okaz et al, 2012), DDK is believed to function
primarily before pachytene exit.

© 2017 The Authors
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Here, we show that DDK is central to the control of SC destruc-
tion in budding yeast. Dbf4 serves as the regulator of SC destruction
by directly associating with and being phosphorylated by CdcS. In
parallel, Dbf4 is also regulated through phosphorylation by Cdc28
(homolog of CDK1 and the only CDK in budding yeast). We propose
that the concerted action of DDK, CDKI1, and Polo ensures SC
destruction, with Dbf4 serving as the hub of the signaling pathway
at the prophase I-metaphase I boundary, leading to the timely
removal of a major physical obstacle to chromosome segregation.
Interestingly, this coordinated mechanism leads to the reactivation
of Rad51, which promotes the repair of any persisting DSBs before
chromosomes are separated during anaphase I. By facilitating
removal of the SC and triggering Rad51-dependent DSB repair, we
propose that fundamental cell cycle kinases collaborate at the
prophase I-metaphase I transition to ensure faithful inheritance of
the genome.

Results
DDK and Polo interact to regulate the meiotic cell cycle

Meiotic HR is initiated by the topoisomerase-like protein Spoll,
which continuously forms meiotic DNA double-strand breaks
(DSBs) before pachytene exit (Keeney et al, 1997). Unlike mitotic
HR, meiotic HR is intricately regulated so that homologous chromo-
somes are connected through crossovers. Defects in meiotic HR lead
to an accumulation of recombination intermediates, such as DSBs,
which slowdown or arrest the meiotic cell cycle. In order to obtain
further insight into the mechanism coordinating meiotic HR with
cell cycle progression, we conducted a genetic screen to identify
genes whose overexpression bypassed the cell cycle arrest caused
by defects in meiosis-specific recombination factors (see Materials
and Methods for experimental details). This screen revealed that
overexpression of DBF4 can suppress pachytene arrest in several
recombination mutants (Appendix Fig S1A).

To understand how a high dose of Dbf4 suppresses the cell cycle
arrest phenotype, we set out to isolate DBF4 point mutants that
phenocopy this suppression effect. Randomly mutagenized versions
of DBF4 were cloned into a single-copy plasmid to produce a DBF4
mutant library. Clones that were able to suppress the cell cycle
arrest phenotype were screened. A single clone, carrying a mutation
that changes the Glu at the 86™ position to Val, was isolated (dbf4-
E86V hereafter; Appendix Fig S1B).

This amino acid falls within residues 83—-88 at Dbf4’s N-terminus,
which were previously shown to mediate the direct interaction
between Dbf4 and the Polo-box domain (PBD) of Cdc5 (Fig 1A;
Chen & Weinreich, 2010). Of the residues within this region, Arg83,
1le85, Gly87, and Ala88 are essential for the interaction, whereas
Glu86 is not. Furthermore, the mutant polypeptide with Glu86
changed to Lys (dbf4-E86K hereafter) interacts more strongly with
Cdc5 than the wild-type polypeptide (Chen & Weinreich, 2010).
These observations raised the possibility that the mechanism
responsible for suppression of meiotic arrest involves an interaction
between Dbf4 and CdcS5. Thus, we employed two known DBF4
mutations: Arg83 to Glu (dbf4-R83E hereafter) and dbf4-E86K,
which abolish and enhance the Dbf4-Cdc5 interaction, respectively
(Fig 1A; Chen & Weinreich, 2010). dbf4-R83E did not suppress cell
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Figure 1. An enhanced interaction between DDK and Cdc5 suppresses pachytene arrest.

A

Schematic depicting the Cdc5 binding region of Dbf4. Residues in bold are essential for the interaction. +, wild-type interaction; —, no interaction detected; ++,
enhanced interaction.

Strains were induced to synchronously enter meiosis. At the indicated time points, cells were harvested for detection of proteins by immunoblotting (panels) and
determination of cell cycle kinetics by DAPI staining of nuclei (graphs). Induction of Ndt80 and Cdc5 serves as a marker for pachytene exit. Total, total protein levels
(Ponceau S staining). Mononucleate cells have not completed any nuclear divisions, binucleate cells have only completed the first nuclear division (anaphase I), and
tri/tetranucleate cells have completed both nuclear divisions (anaphase I and I1).

A fragment of Cdc5 containing the PBD was N-terminally GST-tagged and purified to near homogeneity, as determined by Coomassie staining (upper panel). Various
Dbf4 peptides corresponding to sequences spanning the Cdc5 binding region were synthesized with a fluorescein tag (middle panel). Mutations are highlighted in
gray. Measurements obtained from fluorescence polarization assays depicted in Appendix Fig S2B were used to calculate the dissociation constants (Ky) for each
peptide-PBD interaction (lower graphs). ND, not determined due to lack of detectable interaction (see Appendix Fig S2B).

Strains were induced to synchronously enter meiosis. Cells harvested at the indicated time points were used to examine the interaction between DDK and Cdc5 by
immunoprecipitating Cdc7-V5 using anti-V5 antibody. WCE, whole-cell extract. “—” and “+” indicate the exclusion and inclusion of antibody for IP, respectively, with

The EMBO Journal

the no antibody condition serving as a negative control.

Data information: At least 100 cells were scored per experiment. Data in (B) and (C) are represented as mean from two experiments and mean + SEM from three

experiments, respectively.
Source data are available online for this figure.

cycle arrest, whereas dbf4-E86K showed a similar level of suppres-
sion to dbf4-E86V (Appendix Fig S1C), leading to the robust upregu-
lation of late-stage proteins associated with cell cycle progression
(Ndt80 and Cdc5) in dmclA, a recombination deficient mutant that
undergoes pachytene arrest (Fig 1B).

To test whether suppression of cell cycle arrest by dbf4-E86K/V
requires Cdc5, we wanted to deplete Cdc5 during meiosis. Since
CDCS5 is an essential gene, deletion mutants are not viable, so a
conditional mutant was generated instead by transplacement of the
native CDCS promoter with the CLB2 promoter (cdcS-md, meiotic
depletion; Lee & Amon, 2003). CLB2 is expressed during vegetative
growth but downregulated during meiosis. Under this condition,
Cdc5 was barely detectable within prophase I and the dbf4-ES86K
mutation was no longer able to suppress the pachytene arrest of the
dmclA mutant (Appendix Fig S2A), confirming the requirement for
Cdc5 in Dbf4-mediated suppression of cell cycle arrest.

The identical suppression phenotype of dbf4-E86K and dbf4-E86V
suggested that, like the E86K mutation (Chen & Weinreich, 2010),
the E86V mutation enhances the interaction between Dbf4 and CdcS5.
To directly test this possibility, the fluorescence polarization assay
was employed. The interaction strength between the C-terminal half
of Cdc5 containing the Polo-box domain (PBD) and polypeptides
corresponding to residues 73-96 of Dbf4 (wild type and mutants)
was determined (Fig 1C, see Appendix Supplementary Methods for
experimental details). Consistent with previous work (Chen &
Weinreich, 2010), the wild-type Dbf4 peptide interacted with Cdc5-
PBD with a K4 of ~2 uM (Fig 1C and Appendix Fig S2B). The E86K
and E86V peptides showed a stronger interaction than wild type,
with Ky values of ~0.3 uM, while the R83E peptide showed little/no
interaction (Appendix Fig S2B), suggesting that Dbf4-E86K/V
proteins interact more strongly with Cdc5 than wild-type Dbf4.

Figure 2. The Cdc5-Dbf4 fusion protein can suppress pachytene arrest.

To validate these in vitro results and further correlate Dbf4-Cdc5
interaction strength with suppression of pachytene arrest, we
performed co-immunoprecipitation (co-IP) experiments to examine
Dbf4-Cdc5 complex formation in meiosis. Cdc7 was C-terminally
tagged with 9x copies of the V5 epitope and introduced into a
genetic background in which cells arrest uniformly at the end of
metaphase I due to meiosis-specific depletion of the anaphase
promoting complex/cyclosome (APC/C) activator Cdc20 (cdc20-md;
Matos et al, 2008). Cdc7 was immunoprecipitated from DBF4, dbf4-
R83E, and dbf4-E86K/V strains 5 h and 6.5 h into meiosis, when
Cdc5 levels were low and high, respectively. Cdc7, Dbf4, and Cdc5
were then detected by immunoblotting. Importantly, comparable
amounts of Dbf4 were seen to co-IP with Cdc7 in all four strains
(Fig 1D), suggesting that the mutations examined here do not affect
the interaction between Cdc7 and Dbf4. In sharp contrast, the
amount of Cdc5 that co-IP’d with Dbf4-E86K/V was increased at
both time points compared to wild-type Dbf4. Furthermore, very
low levels of Cdc5 were seen to co-IP with Dbf4-R83E, even at
6.5 h, when intracellular Cdc5 levels were high. These in vitro and
in vivo data indicate that the dbf4-E86K/V mutations enhance DDK-
Cdc5 complex formation, whereas the dbf4-R83E mutation reduces
DDK-Cdc5 complex formation (Fig 1C and D, Appendix Fig 2B). We
also noted that the migration of both Cdc7 and Dbf4 was affected by
the dbf4 mutations. Posttranslational modification of Dbf4 was
subjected to further investigation (see below).

We also created a condition where the Dbf4-Cdc5 interaction is
forced by fusing the two genes in-frame and expressing this fusion
construct within prophase I by employing the DBF4 promoter. The
Cdc5-Dbf4 fusion protein did not interfere with wild-type meiosis,
as judged by spore viability (99% without the transgene and 98%
with the transgene, 80 spores examined per strain). Consistent with

Either CDC5 or the CDC5-dbf4-R83E fusion construct was placed under the control of the DBF4 promoter and integrated at an ectopic locus (URA3) in the indicated strains. “~”

denotes no ectopic insert.

A Strains were induced to synchronously enter meiosis. Proteins were detected, and cell cycle kinetics was monitored as in Fig 1B.
B Cells were incubated for 48 h on sporulation plates, and sporulation percentage was determined by light microscopy. White labels depict the native DBF4 locus, and

gray labels depict the ectopic locus.

Data information: Data in (A) and (B) are represented as means from two and three experiments, respectively. Error bars in (B) indicate = SEM. At least 100 cells were

scored per experiment.
Source data are available online for this figure.

© 2017 The Authors

The EMBO Journal Vol 36 | No 17 | 2017

>

2491



The EMBO Journal Kinases collaborate to destroy the SC  Bilge Argunhan et al

A dmci1A
DBF4 locus DBF4 dbf4-E86V DBF4 dbf4 R83E
ectopic locus - - P,grs"CDC5 P,ge-CDC5
3 5 8 12 18 3 5 8 12 18 3 5 8 12 18 3 5 8 12 18
(hry 0 4 6 10 15 240 4 6 10 15 24 0 4 6 10 15 240 4 6 10 15 24
Cdch| 11 — ] --'II |
ng1| | [ — ] —
100
% 80
o 60
S 40
= 20
0
18 24 0 6 12 18 24 18 24 18 24
3 9 15
Hours in meiosis
dme1A
DBF4 locus DBF4 dbf4-RE3E '_; "é“i‘:‘zz?e“;fate
topic | -CDC5-R83E -CDC5-R83E
ectopic locus _ Fgr, Foer: e Tri/Tetranucleate
12 18 12 18
(hr) O 4 6 10 15 24 0 4 6 ‘IO 15 24
Cdc5| s—amn ]| | ———]
Ndt80 | T || Ry
100 10
% 80 8
o 60 6
G 40 4
X 20 2
0
0 6 12 18 24 0 6 12 18 24
3 9 15 21 3 9 15 21
Hours in meiosis
= 100
.E 80 J incubated for 48 hrs
3 60 -
8 40 -
0 == |
2|3 S|UB||4[a][ule
ole| [ = FA[|0Q||0|v||x|w
slel (@] |la] ||sQER]IXR] %R
algl ol [|1q] 1o g% g%
m|=2 a1l 8l1Le s Q5
Q 8 oS Q’ﬁ © g
1 2 3 4 5 e’ |6 o
L Il (|
DMC1 dmci1A

Figure 2.

2492 The EMBO journal Vol 36 | No 17 | 2017 © 2017 The Authors



Bilge Argunhan et al ~ Kinases collaborate to destroy the SC

previous observations, production of Cdc5 alone within prophase I
was able to suppress the pachytene arrest of dmclA cells (Fig 2A
and column 3 in Fig 2B; Acosta et al, 2011). Interestingly, this was
dependent on the ability of Cdc5 to interact with Dbf4, as the
suppression effect was lost in the dbf4-R83E background (Fig 2A
and column 4 in Fig 2B). Taking this into account, we wanted to
eliminate the possibility that production of the Cdc5-Dbf4 fusion
protein within prophase I would simply mimic production of Cdc5,
effectively rendering the fused Dbf4 fragment obsolete and leading
to fusion-independent suppression of dmclA arrest. Thus, we
employed the dbf4-R83E background. Furthermore, we chose to
express a Cdc5-Dbf4-R83E fusion protein. This would abolish inter-
actions between the Dbf4 fragment of one fusion protein and the
Cdc5 fragment of another fusion protein, which could also mimic
the expression of Cdc5 alone and lead to fusion-independent
suppression of dmcIA arrest. Hence, expressing Cdc5-Dbf4-R83E in
the dbf4-R83E background allowed us to assess the sole impact of
tethering Cdc5 to Dbf4. Notably, the fusion of Cdc5 to Dbf4-R83E,
which could not suppress the cell cycle arrest of the dmclA mutant
on its own (Fig 1B), was able to promote cell cycle progression
(Fig 2A and column 6 in Fig 2B). This result further supports the
idea that an enhanced interaction between Dbf4 and Cdc5
suppresses the pachytene arrest of dmclA cells.

Since Dbf4 interacts simultaneously with Cdc7 and CdcS, and
Cdc5 does not interact directly with Cdc7 (Matos et al, 2008), these
data strongly suggest that Dbf4 mediates the interaction between
Cdc5 and DDK to regulate progression of the cell cycle during
meiosis.

Cell cycle progression is associated with unshackling of
Rad51 activity

The cell cycle progression of dmclIA brought about by enhancing
the Dbf4-Cdc5 interaction could be mediated through different
mechanisms. For example, it could be caused by a defect in the
recombination checkpoint, which coordinates DSB repair with the
cell cycle (Hochwagen & Amon, 2006). Alternatively, activation of a
Dmcl-independent pathway could repair DSBs, ultimately leading
to cell cycle progression. To examine whether the cell cycle progres-
sion seen in the dmclA mutant background is associated with DSB
repair, the kinetics of meiotic DSBs was directly measured by
pulsed-field gel electrophoresis and Southern blotting with a chro-
mosome Il-specific probe. This technique allows for the observation
of intact and broken chromosome molecules. We found that adding
extra copies of dbf4-E86V dramatically improved cell cycle progres-
sion of the dmclA dbf4-E86V mutant, thus this strain was also
included. This strain contains a dbf4-E86V allele integrated homozy-
gously at the URA3 locus and shows vastly improved spore

Figure 3. DDK and Cdc5 interact to relieve Rad51 of its meiotic inhibition.

The EMBO Journal

formation compared to the dbf4-E86V strain without additional
copies of dbf4-E86V (52% versus 18%, respectively. < 1% in the
negative control strain (DBF4)). In both dbf4-E86V strains, broken
chromosomes accumulated to a level similar to the dmcIA single
mutant but eventually decreased/disappeared (Fig 3A). The reap-
pearance of intact parental chromosomes indicated that broken
chromosomes were repaired. Consistent with the aforementioned
sporulation data, repair was more efficient in the strain with extra
copies of dbf4-ES86V. Moreover, broken chromosomes were no
longer repaired if the RADS1 gene was deleted (Fig 3A), indicating
that DSBs were repaired by a Rad51-dependent mechanism.

These findings were supported by cytological observations in
which DSB markers (Rad51 and RPA) that accumulate in a meiotic
recombination mutant (hop2A) were no longer detected at meta-
phase I in the dbf4-E86K/V mutants (Fig EV1A and B), suggesting
that DSBs have been repaired in these strains before the onset of
metaphase I. This contrasts with the results obtained in a checkpoint
mutant (rad17A), where 100% of cells that progressed to metaphase
I contained DSB markers (Fig EV1A and B; Lydall et al, 1996).

Previous work has suggested that Rad51-dependent DSB repair
in meiosis does not lead to efficient crossover formation, resulting
in reduced spore viability due to chromosome nondisjunction (Lao
et al, 2013). Consistent with this notion, despite most/all DSBs
being repaired by 18 h in both dmcIA dbf4-E86V strains (Fig 3A),
tetrads dissected after 48 h showed relatively low spore viability
(< 20%; Fig EV2A). This low spore viability combined with the
requirement for Rad51 (Fig 3A) suggested that DSB repair did not
result in efficient crossover formation. To directly measure cross-
over formation in the two dmcIA dbf4-E86V strains, we introduced
the HIS4-LEU2 recombination hotspot (Hunter & Kleckner, 2001).
Due to restriction site polymorphisms in the parental chromosomes,
it is possible to measure the efficiency of interhomolog crossing over
within the population by Southern blotting (Fig EV2B). In the pres-
ence of Dmcl, efficient crossover formation was observed 12 h into
meiosis, with ~17% of the total DNA corresponding to recombinant
DNA molecules (Fig EV2C and D). In contrast, when both dmcIA
dbf4-E86V strains were examined at 26 h into meiosis, a time point
by which most/all DSBs had been repaired (Fig 3A), a ~2.5-fold
reduction in recombinant DNA molecules was observed. These
results indicate that, in the absence of Dmcl1, enhancing the interac-
tion between Dbf4 and Cdc5 leads to the majority of DSBs being
repaired through a RadS1-dependent HR pathway, which might be
similar to the mitotic mode of HR, where noncrossover products are
favored to reduce deleterious genomic rearrangements and loss of
heterozygosity (Bzymek et al, 2010).

Taken together, these data suggest that the mechanism to repress
the mitotic recombination machinery during meiosis is alleviated
if Dbf4 and Cdc5 interact with high affinity, leading to

A Strains were induced to synchronously enter meiosis. At the indicated time points, cells were harvested for analysis of meiotic chromosomes by pulsed-field gel
electrophoresis followed by Southern blotting with a probe recognizing chromosome II. Southern blots (panels) were quantified to determine the percentage of
signal corresponding to broken chromosomes (graphs; see Materials and Methods).

B, C Strains were induced to synchronously enter meiosis. At 6 h, B-estradiol was added to induce Cdc5 production (Cdc5 induction or Cdc5-ind.). Cells were harvested
at the indicated time points to (B) monitor meiotic chromosomes as in (A), or (C) detect proteins as in Fig 1B. “—” and “+” denote the absence or presence of an

inducible CDC5 allele at the URA3 locus, respectively.

Data information: Data in (A) and (B) are represented as means from two experiments.

Source data are available online for this figure.

© 2017 The Authors
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Rad51-dependent repair of meiotic DSBs and progression from
prophase I to metaphase 1.

Destruction of SC components is mediated by DDK and Polo

SC components associated with chromosome axes are highly rele-
vant to repressing Rad51 in prophase I (Schwacha & Kleckner, 1997;
Wan et al, 2004). Furthermore, Cdc5 functions to induce SC destabi-
lization (Sourirajan & Lichten, 2008), raising the possibility that alle-
viation of Rad51 inhibition is related to SC dynamics. Thus, we
examined the relationship between the Dbf4-Cdc5 interaction and
SC proteins. Disassembly of the SC occurs as cells exit pachytene,
when Ndt80, the master transcription factor that governs pachytene
exit, upregulates ~300 late meiotic genes including Cdc5 (Xu et al,
1995; Chu et al, 1998). In order to focus solely on the effect of Cdc5,
the ndt80A mutation was introduced into the dmclA background so
that the cell cycle permanently arrests at pachytene without the
upregulation of late meiotic genes. DSB repair and SC destruction
were monitored as Cdc5 was induced in the presence of Dbf4
proteins that display various interaction strengths with Cdc5. Tran-
scription of CDCS was controlled by the GAL promoter in a cell
constitutively producing a fusion protein consisting of the Gal4 tran-
scriptional activator and the estradiol receptor (GAL4-ER; Benjamin
et al, 2003). In this system, Cdc5 induction is triggered upon addi-
tion of B-estradiol to the cell culture. The induction of Cdc5 alone
was sufficient to trigger Dmcl-independent DSB repair (Fig 3B),
which is reminiscent of the previous observation that accumulation
of DSBs was reduced in the dmcIA amalA double mutant (Okaz
et al, 2012). Amal is a meiosis-specific activator of the APC/C and
is indirectly responsible for suppressing Cdc5 production before
pachytene exit. Thus, in the absence of Amal, various M phase
regulators such as Cdc5 are produced before pachytene exit, leading
to a reduction in the number of DSBs.

Remarkably, the efficiency of DSB repair was positively corre-
lated with Dbf4-Cdc5 interaction strength (Fig 3B). Similarly, the
kinetics of SC component destruction precisely mirrored the interac-
tion strength (Fig 3C), especially that of Red1l, a major component
of meiotic chromosome axes responsible for repressing the mitotic
recombination machinery (Schwacha & Kleckner, 1997). Similar
results were obtained in the Dmcl-positive background (Fig 4A).
When Cdc5 was not induced, the levels of SC proteins did not
decline even in the dbf4-E86K/V strains, thus confirming that Cdc5

Figure 4. Cdc5-dependent phosphorylation of Dbf4 drives SC disassembly.

The EMBO Journal

is an essential component of the Dbf4-mediated SC destruction
mechanism (Fig EV3A). These results in the dmcIA ndt80A back-
ground contrast with our findings in the dmcIA background, where
we did not observe a clear reduction in the levels of Red1l and Zip1
despite dbf4-E86K/V suppressing pachytene arrest (Fig 1B). This is
because only a subset of the population exits pachytene in the
dmclA dbf4-E86K/V strains; the decline in SC protein levels in this
fraction of the population (~20%) is masked by the persistent SC
proteins in the population of cells that remain arrested in pachytene
(~80%).

We next examined the rate at which Zipl and Redl dissociate
from meiotic chromosomes upon Cdc5 induction in recombination
proficient ndt80A strains. Meiotic chromosomes were surface
spread, and the behavior of chromosomally associated Zipl and
Red1 proteins was monitored by immunofluorescence. In this exper-
iment, BR1919 strains were employed due to improved spreading of
chromosomes. We found that dissociation of SC components from
meiotic chromosomes also correlated closely with Dbf4-Cdc5 inter-
action strength (Figs 4B and EV3B), arguing that removal of these
SC components from meiotic chromosomes is related to protein
destruction. We then monitored formation of the polycomplex (PC),
which is an aggregate of SC proteins that can form in wild-type cells
but has a particular tendency to accumulate in pachytene-arrested
cells (Fig 4C). The percentage of cells with PC declined upon Cdc5
induction in all of the strains tested. The efficiency of decline was
mildly correlated with Dbf4-Cdc5 interaction strength, although the
correlation was less pronounced than the dissociation kinetics from
chromosomes. This is possibly because Zip1 requires rigid chromo-
somal axes to be associated with chromosomes, but the foundation
of the axes is provided by Redl, which also undergoes prompt
destabilization upon Cdc5 induction (Fig 4B).

Surprisingly, the dbf4-R83E mutation had no noticeable effect on
an otherwise unperturbed meiosis and spore viability remained high
(98% in dbf4-R83E compared to 99 % in wild type, 160 spores exam-
ined per strain). The kinetics of Red1 and Ndt80 induction in dbf4-
R83E and dbf4-E86V were comparable to wild type, suggesting that
meiotic entry and progression are not impaired in these mutants
(Fig EV3C). Moreover, the kinetics of Red1 destruction was indistin-
guishable from wild type. This prompted us to closely examine the
events at the prophase [-metaphase I boundary. Around this period,
SC disassembly swiftly follows the induction of Ndt80, which can
be monitored by its accumulation on meiotic chromosomes (Fig 4D,

A Strains were induced to synchronously enter meiosis. At 6 h, B-estradiol was added to induce Cdc5 production. Proteins were detected as in Fig 1B. Images within the
dotted boxes are expanded, and the signal quantified to illustrate the distribution of Dbf4 for that lane. The horizontal axis represents the percentage of signal, and
the vertical axis corresponds to the source of that signal. The total area under the curve is set to be equal between strains. “—” and “+” denote the absence or

presence of an inducible CDC5 allele at the URA3 locus, respectively.

B ndt80A strains in the BR1919 background were transferred to sporulation media. At 20 h, B-estradiol was added to induce Cdc5 production (confirmed in Fig EV3B).
Cells were harvested, and meiotic chromosomes were spread for immunofluorescence microscopy at 2-h intervals after addition of B-estradiol. Representative images
depicting the criteria for categorization of nuclei are shown (panels). Nuclei were categorized according to these criteria (graphs).

C Spread meiotic chromosomes were prepared as in (B). Cells are from the same cultures as (B). A nucleus is shown with the polycomplex depicted by a white

arrowhead (panels). Nuclei were categorized according to this criterion (graphs).

D Strains in the BR1919 background containing NDT80-6xHA were transferred to sporulation media. At 16 h, spread meiotic chromosomes were prepared as in (B).
Representative images depicting the criteria for categorization of nuclei are shown (panels). Nuclei were categorized according to these criteria (graphs). *P < 0.05
(chi-squared test), in comparison with the wild-type ratio positive for both Zip1l and Ndt80.

Data information: Data in (B) and (C) are represented as means from two experiments. At least 100 nuclei were scored per experiment. At least 200 nuclei were scored

for each strain in (D). All scale bars are 5 um.
Source data are available online for this figure.
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left panels; Tung et al, 2000; Wang et al, 2011). Thus, in wild-type
cells, Ndt80 is rarely seen together with the SC (Fig 4D, column 1 in
graph). In dbf4-R83E, there was a marginal increase in the fraction
of cells displaying Ndt80 and the major SC component Zipl, and a
similar increase was seen in heterozygous diploids containing one
copy each of DBF4 and CDC5 (Fig 4D, columns 2 and 3 in graph).
However, when the only DBF4 gene in this heterozygous diploid
was dbf4-R83E, the majority of cells with Ndt80 signal still retained
Zipl, indicating that Zipl is more persistent in this genetic back-
ground (Fig 4D, column 4 in graph). These data suggest that, in an
otherwise wild-type meiosis, reducing the amount of intracellular
DDK-Cdc5 complexes results in inefficient SC disassembly. The rela-
tively mild phenotypes of dbf4-R83E, however, point toward the
presence of another mechanism(s) involved in timely destruction of
SC components at the prophase I-metaphase I transition.

Having established that Dbf4-Cdc5 interaction strength plays a
pivotal role in regulating removal of the SC, we wanted to better char-
acterize the ensuing DSB repair. To examine whether the DSB repair
seen in the dmclA ndt80A mutant background (Fig 3B) is mechanisti-
cally equivalent to that seen in the dmclA mutant background
(Fig 3A), the radSIA dmclA ndt80A triple mutant background was
employed and Cdc5 production was induced. Importantly, despite
causing degradation of SC components, Cdc5 was unable to induce
efficient DSB repair; although a mild reduction in broken chromo-
some molecules was observed, there was no increase in intact chro-
mosome molecules following Cdc5 induction at 6 h (Figs 5A and B,
and EV3D). This uncoupling of SC destruction and DSB repair high-
lights the requirement for Rad51 in repairing DSBs that persist follow-
ing destruction of the SC in the dmcIA mutant. The induction of
Cdc5-N209A, a catalytically inactive mutant (-kd, kinase dead;
Bartholomew et al, 2001), did not trigger Zip1l and Red1 destruction
(Fig 5C). Nor did it lead to repair of DSBs (Fig 5D), arguing that the
kinase activity of Cdc5 is essential for triggering SC component
destruction and subsequent DSB repair at the end of pachytene.

While conducting the experiments in Fig 5B, we noticed that
further accumulation of broken chromosomes was mildly reduced
upon induction of CdcS. Since both Dmc1 and Rad51 are absent in
this strain, meaning that DSB repair is essentially nonexistent, we
suspected that Cdc5 induction might affect DSB formation, as DSBs
are continuously formed up until Ndt80 production triggers pachy-
tene exit (Argunhan et al, 2013; Carballo et al, 2013; Gray et al,
2013; Rockmill et al, 2013; Thacker et al, 2014; Subramanian et al,
2016). When this result was compared with a duplicate experiment
where Cdc5 was induced at the same time point (6 h), we noticed a
correlation between the level of DSBs that had already formed and

The EMBO Journal

the magnitude of Cdc5’s inhibitory effect on further DSB formation.
When broken chromosomes comprised ~90% of total chromosomes
at the time of Cdc5 induction, a reduction in broken chromosomes
of ~10% was observed by 12 h (Fig 5B). However, when broken
chromosomes comprised only ~70% of total chromosomes at the
time of Cdc5 induction, a ~20% reduction in broken chromosomes
was observed by 12 h (Fig EV3D). These observations prompted us
to examine the effect of inducing Cdc5 at a much earlier time point,
when even fewer DSBs have formed. Thus, Cdc5 was induced at
3.5 h and its impact on further DSB formation was examined in trip-
licate cultures. Interestingly, inducing Cdc5 at a time when ~30% of
chromosomes were broken resulted in a ~45% reduction in further
DSB formation (Fig EV3E and F).

These results suggest that Cdc5 acts during the prophase I-meta-
phase I transition to shut off meiotic DSB formation. It is formally
possible that induction of Cdc5 at 3.5 h may have interfered with
any ongoing DNA replication, which itself could result in inhibition
of DSB formation, although previous reports have suggested that
DNA has been mostly/completely replicated by this time point
(Valentin et al, 2006; Murakami & Keeney, 2014). Moreover, such
potential interference is unlikely when Cdc5 was induced at 6 h, a
time point by which ~80% of chromosomes had already been
broken (Figs 5B and EV3D).

Taken together, we conclude that the upregulation of Cdc5
upon pachytene exit is sufficient to drive SC destruction, which
coincides with unshackling of the mitotic recombinase Rad51. This
is accomplished through a direct interaction with DDK, with the
interaction strength proving to be an important parameter in deter-
mining the efficiency of SC destruction. Concomitantly, Cdc5S is
likely involved in repressing further DSB formation as cells exit
from prophase I.

Polo-dependent phosphorylation of Dbf4 is associated with
SC destruction

Dbf4 is known to be phosphorylated in a Cdc5-dependent manner
during mitosis (Hardy & Pautz, 1996; Weinreich & Stillman, 1999).
Furthermore, Dbf4 was shown to migrate as a doublet in
immunoblotting experiments as a consequence of this phosphoryla-
tion (Ferreira et al, 2000). Consistently, Matos et al (2008) demon-
strated that, in metaphase I-arrested cells lacking Cdc5, Dbf4
migrated with increased electrophoretic mobility, suggesting a
reduction in phosphorylation. To rule out the possibility that this
phosphorylation involved other Ndt80-dependent factors, Cdc5 was
induced in pachytene-arrested cells (ndt80A) and Dbf4 was detected

Figure 5. Cdc5 kinase activity is required for destruction of SC components, unshackling of Rad51, and phosphorylation of Dbf4.

A B Strains were induced to synchronously enter meiosis. At 6 h, the culture was split and either carrier (Cdc5 induction —) or B-estradiol (Cdc5 induction +) was
added. Cells were harvested at the indicated time points to detect proteins as in Fig 1B (A) or monitor meiotic chromosomes as in Fig 3A (B). Cells are from the

same cultures.
C,D

Strains were induced to synchronously enter meiosis. At 6 h, B-estradiol was added to induce production of Cdc5 or Cdc5-kd (kinase dead, Cdc5-N209A). Cells were

harvested at the indicated time points to detect proteins as in Fig 1B (C) or monitor meiotic chromosomes as in Fig 3A (D). Cells from the cdc5-kd set of strains are
from the same cultures. “—” denotes the absence of an inducible CDC5 or cdc5-kd allele at the URA3 locus.

E Strains were induced to synchronously enter meiosis. At 6 h, B-estradiol was added to induce production of Cdc5. Cells were harvested at 10 h and resolved by
SDS-PAGE in gels containing the indicated amounts of Phos-tag reagent. Cells are from the same cultures as Fig 4A. “—” denotes the absence of an inducible CDC5

allele at the URA3 locus.

Data information: Data in (B) are represented as the results of an individual experiment (see Fig EV3D for the duplicate experiment). Data in (D) are represented as

means from two experiments.
Source data are available online for this figure.

© 2017 The Authors
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by immunoblotting. We saw that, much like SC destruction effi-
ciency, the electrophoretic mobility of Dbf4 varied with Dbf4-Cdc5
interaction strength (Fig 4A), with enhanced interaction mutants
displaying more slow-migrating species. Furthermore, this band
shift was not seen when kinase-dead Cdc5 was induced (Fig 5C). To
verify the notion that these species corresponded to phosphorylated
Dbf4, we resolved them on gels containing the Phos-tag reagent,
which specifically retards the migration of phosphorylated proteins
(Kinoshita-Kikuta et al, 2014). Consistently, the migration of Dbf4
was significantly retarded only when Cdc5 was induced, with
increasing concentrations of Phos-tag exaggerating this effect
(Fig 5E). Taken together, these data suggest that Cdc5 phosphory-
lates Dbf4 through direct binding via residues 83-88 in Dbf4.

Given that the dbf4-R83E single mutant does not show obvious
defects during an unperturbed meiosis, it is possible that Dbf4 is
redundantly regulated through phosphorylation in a Cdc5-indepen-
dent manner. Consistent with this possibility, we noticed that Dbf4
occupies a range of electrophoretic mobilities within prophase I
even in the absence of Cdc5 (Appendix Fig S2A) and when cells
make the natural progression through meiosis (Fig EV3C). More-
over, the migration of Dbf4 in Phos-tag gels was mildly retarded
with increasing concentrations of Phos-tag reagent even in the
absence of Cdc5 induction (Fig 5E). In our co-IP experiments, we
saw a similar trend in the electrophoretic mobility of Cdc?7 (Fig 1D).
However, since Cdc5 is known to bind directly to Dbf4 but not Cdc?
(Matos et al, 2008), we focused our attention on Dbf4.

CDK1 is essential for efficient phosphorylation of Dbf4 and Polo-
driven SC component destruction

One potential candidate that could be responsible for Cdc5-indepen-
dent phosphorylation of Dbf4 is Cdc28, the budding yeast homolog
of CDKI1. In order to address this possibility, we took advantage of
the cdc28-as1 allele, which encodes a conditional mutant of Cdc28
that can be catalytically inactivated through the addition of an ATP
analog, INM-PP1 (-as, analog sensitive; Bishop et al, 2000). The
cdc28-asl1 allele was combined with the cdc20-md allele to arrest the
meiotic cell cycle at metaphase I and restrict the APC/C-dependent
degradation of Dbf4 that occurs at the onset of anaphase I.
Strikingly, upon Cdc28 inhibition in mid-prophase I, phosphory-
lation of Dbf4 was greatly reduced and both Zip1 and Red1 contin-
ued to accumulate despite the production of Cdc5 (Fig 6A),
although we note that induction of Cdc5 was itself mildly compro-
mised by the inactivation of Cdc28. Given that relatively little Cdc5
is able to trigger efficient SC destruction (e.g., Figs 3C and EV3C),
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along with experiments in which Cdc5 was more uniformly induced
in Cdc28-inactivated pachytene-arrested cells (see below), the above
results support the notion that Cdc28 is important for efficient Dbf4
phosphorylation and Cdc5-driven destruction of SC proteins.

Next, we examined pachytene-arrested cells by introducing the
ndt80A mutation. As with metaphase I-arrested cells (cdc20-md),
phosphorylation of Dbf4 before pachytene exit was largely depen-
dent on Cdc28 (Fig 6B). The electrophoretic mobility of Dbf4 in
pachytene-arrested cells was not affected by the absence of basal
levels of CdcS (cdc5-md strain, Fig 6B), further arguing that Cdc28
is the primary kinase responsible for Dbf4 phosphorylation before
pachytene exit. We then combined the inducible CdcS expression
system with the cdc28-asl allele to examine the interplay between
Cdc5- and Cdc28-dependent phosphorylation of Dbf4 in SC compo-
nent destruction before pachytene exit. Unlike the experiments with
the cdc20-md strains described above, induction of Cdc5 when
Cdc28 was inactivated was comparable to that when Cdc28 was
active. Following Cdc28 inactivation, Cdc5 induction through addi-
tion of B-estradiol at concentrations of 2.5 and 5 puM, with the latter
causing slightly increased induction of CdcS, led neither to Dbf4
phosphorylation nor SC component destruction (Fig 6C). These
observations establish Cdc28 as an important component of the
Cdc5-driven SC destruction mechanism. However, we also noticed
that, while Cdc5 is absolutely required for destruction of Red1l and
Zip1, the Cdc28 dependency was conditional: Although both Redl
and Zipl levels remained high for an extended period of time,
Cdc28 inhibition did not block the decline of these proteins when
Cdc20 was present (Fig EV4A and B), suggesting they can also be
destroyed at or after the metaphase I-anaphase I transition as long
as Cdc5 is present.

DDK is part of the SC destruction mechanism triggered by Polo

Since our data strongly suggested the involvement of Dbf4 in the
regulation of SC destruction, we wanted to determine whether DDK
itself is required. We reasoned that employing the meiotic depletion
allele of DBF4 (dbf4-md) would abolish DDK activity specifically in
meiosis, since Dbf4-independent Cdc7 activity has not been reported
(Matthews & Guarné, 2013). Under this condition, Dbf4 was not
detectable by Western blotting (Fig 6D and E). Notably, destruction
of SC components was severely compromised both within pachy-
tene-arrested cells, where Cdc5 was induced artificially, and during
the natural transition through meiosis (Fig 6D and E, left panels).
Dbf4 has an essential role in DNA replication, which can be
bypassed by the bobl mutation in the MCMS gene (Hardy et al,

Figure 6. CDK1 kinase activity and DDK are required for efficient SC destruction.

A, B Strains were induced to synchronously enter meiosis. At 4 h, cultures were split and either carrier or INM-PP1 (an ATP analog that specifically inhibits Cdc28-as1)
was added (denoted “—” and “+” under INM-PP1, respectively). Cells were harvested at the indicated time points, and proteins were detected as in Fig 1B.

@ Strains were induced to synchronously enter meiosis. At 4 h, the culture was split and either carrier or INM-PP1 was added. At 6 h, B-estradiol was added to all
cultures at the indicated concentrations to induce production of Cdc5. Cells were harvested at the indicated time points, and proteins were detected as in Fig 1B.

D, E Strains were induced to synchronously enter meiosis. In (D), B-estradiol was added at 6 h to induce production of Cdc5. Cells were harvested at the indicated time
points, and proteins were detected as in Fig 1B. The bob1 mutation was included as it bypasses the essential requirement for DDK in DNA replication.

F Strains were induced to synchronously enter meiosis. Cultures were split at 6 h, and either carrier (— rapamycin) or rapamycin (+ rapamycin) was added.
B-estradiol was added to all cultures at 8 h to induce production of Cdc5. Cells were harvested at the indicated time points, and proteins were detected as in
Fig 1B. These strains were constructed in the anchor-away background, where rapamycin triggers the nuclear deportation of FRB-tagged proteins, which in this

case corresponds to Cdc7 and Dbf4.

Source data are available online for this figure.

© 2017 The Authors
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1997). Thus, we repeated these experiments in the presence of the
bobl mutation to exclude the possibility that these results were an
artifact of defective DNA replication. This analysis verified our
results, as the kinetics of SC protein destruction was still delayed in
the absence of Dbf4 (Fig 6D and E, right panels).

DDK is also implicated in the initiation of meiotic recombination,
which is essential for SC formation (Matos et al, 2008; Sasanuma
et al, 2008; Wan et al, 2008). In order to examine the function of
DDK once the SC has formed, we wanted to deplete DDK activity
from meiotic nuclei after SC maturation. To achieve this, we
employed the anchor-away technique, which exploits tight ternary
complex formation between the human FK506 binding protein
(FKBP12) and the FKBP12-rapamycin-binding (FRB) domain of
human mTOR (Haruki et al, 2008). In our assay, the ribosomal
protein RPL13A was tagged with FKBP12 and proteins of interest
were tagged with FRB. Since ribosomal proteins are actively
deported from the nucleus upon assembly with rRNAs, proteins
tagged with FRB rapidly bind to FKBP12-tagged RPL13A upon addi-
tion of rapamycin, resulting in nuclear deportation. This technique
has recently proven useful for stage-specific depletion of proteins
during budding yeast meiosis (Subramanian et al, 2016). We
exploited the essential role of DDK in vegetative growth to confirm
that both Dbf4 and Cdc7 could be conditionally inactivated using
the anchor-away technique (Fig EVSA).

Cdc7-FRB or Dbf4-FRB was first depleted from pachytene nuclei
6 h into meiosis, by which time meiotic recombination had been
induced and ~90% of nuclei showed fully established SC
(Fig EVSB). B-estradiol was then added to the media at 8 h to
induce CdcS5 production. In both the CDC7-FRB and DBF4-FRB
strains, the presence of rapamycin led to a delay in Red1 destruction
compared to the untagged control strain (Fig 6F). This reduction in
destruction efficiency was more prominent in the DBF4-FRB strain,
where Redl destruction was delayed even in the absence of rapa-
mycin, likely reflecting the fact that the FRB tag mildly affected Dbf4
functionality, as reported previously (Natsume et al, 2013).
Nonetheless, the results presented here strongly suggest that DDK
itself is required for efficient destruction of SC components. While
conducting these experiments, we found that Dbf4 depletion within
pachytene, without induction of Cdc5, compromised SC integrity:
abnormally assembled Zip1 that was not associated with Red1 accu-
mulated, while Red1 itself showed chromosomal association similar
to cells without rapamycin treatment (Fig EVSB). It is possible that,
before pachytene exit and Cdc5 induction, DDK has another role
related to the maintenance of chromosomal Zipl during early/mid-
prophase I. Consistent with this possibility, a recent study provided
evidence that DDK is able to phosphorylate Zipl in vitro, and
in vivo experiments implicated this phosphorylation in regulating
chromosome synapsis (Chen et al, 2015). Taken together, these
findings suggest that DDK has dual roles in regulating the SC. Before
pachytene exit, DDK is required for maintenance of SC integrity, but
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upon induction of CdcS, DDK serves as an important component of
the Cdc5-driven SC destruction mechanism.

Dbf4 phosphorylation is important for efficient Polo-driven
SC destruction

The finding that efficient Dbf4 phosphorylation requires Cdc28 and
Cdc5, combined with the observed correlation between Dbf4 phos-
phorylation and SC destruction efficiency, suggested that phospho-
rylation of Dbf4 is involved in SC destruction. However, CDKs and
Polo kinases are known to have many targets (Barr et al, 2004;
Enserink & Kolodner, 2010), raising the possibility that the defects
in SC component destruction described above are not directly
related to Dbf4 phosphorylation. To examine the role of Dbf4
phosphorylation per se, we set out to identify the Ser/Thr residues
in Dbf4 required for its phosphorylation. Through multiple align-
ments of Dbf4 sequences from six species within the genus Saccha-
romyces, we identified conserved Ser/Thr resides among these
species. These residues were then systematically mutated to Ala
(see Appendix Supplementary Methods for details). The mutant
genes were placed under the control of the DBF4 promoter and
integrated at the URA3 locus in a strain that does not express
DBF4 from its native locus during meiosis (i.e., dbf4-md). Thus,
these strains produce wild-type Dbf4 during mitosis but mutated
Dbf4 during meiosis. The inducible Cdc5 expression system and
the ndt80A mutation were introduced.

We discovered that there was little/no observable band shift of
Dbf4 before or after CdcS induction when S318, S319, S374, and
T375 were mutated to Ala (dbf4-4A; Fig 7A). Moreover, destruction
of Redl and Zipl was severely delayed. However, Dbf4-4A levels
were reduced compared to wild-type protein, suggesting that the
Dbf4-4A protein has reduced stability. We reasoned that if phospho-
rylation of Dbf4 is important for SC destruction, then circumventing
the reduced stability of Dbf4-4A by overproducing it should still
affect SC destruction. To test this, we integrated an additional copy
of the dbf4-4A gene under the control of the strong meiosis-specific
DMCI promoter at the HIS6 locus (Pppsci-dbf4-4A). Under this
condition, the levels of Dbf4-4A were similar to, if not more than,
the strain expressing wild-type Dbf4 (Fig EV5C). Nonetheless, we
saw that destruction of Red1 was still delayed, supporting the notion
that Dbf4 phosphorylation is important for the timely destruction of
SC components, especially Red1. The relatively mild delay in Redl
destruction observed here, combined with the near normal kinetics
of Zipl destruction, could be due to excessive levels of Dbf4-4A at
the time of CdcS induction (compare 6 hrs in Fig EV5C).

The dbf4-4A mutant provided a means to examine the effect of
Cdc28-dependent phosphorylation of Dbf4 on the Dbf4-CdcS inter-
action. We employed the same strains as in Fig EV5C and utilized
an anti-Dbf4 antibody to directly immunoprecipitate Dbf4 and
Dbf4-4A and then monitored the amount of Cdc5 that was found

Figure 7. Phosphorylation of Dbf4 is integral to the timely destruction of SC proteins.

A, B Strains were induced to synchronously enter meiosis. At 6 h, B-estradiol was added to induce production of Cdc5. Cells were harvested at the indicated time points,
and proteins were detected as in Fig 1B. dbf4-4A encodes four Ser/Thr to Ala mutations (S318A, S319A, S374A, T375A).
C Schematic model of how the CDK-DDK-Polo axis facilitates the transition from meiotic prophase | to metaphase I. dep., dependent; pro, prophase I; meta,

metaphase |; ana, anaphase I; HR, homologous recombination.

Source data are available online for this figure.
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to co-IP. For unknown reasons, immunoprecipitation of Dbf4-4A
was inefficient compared to Dbf4 (Fig EV5D). This is not due to a
difference in solubility between Dbf4 and Dbf4-4A (Fig EV5D).
Nevertheless, Cdc5 was found to co-IP with Dbf4-4A, arguing that
Dbf4-4A retains its ability to interact with Cdc5, although the inter-
action might be slightly compromised (Fig EV5SD, 5x 4A). These
observations suggest that the reduction in phosphorylation caused
by the dbf4-4A mutation does not dramatically affect the Dbf4-
Cdc5 interaction.

To further characterize the role of Dbf4 phosphorylation in
SC destruction, we generated alleles of DBF4 with fewer muta-
tions. Mutation of both S374 and T375 to Ala (dbf45374A’T375A)
reduced phosphorylation to a level that is intermediate between
wild-type Dbf4 and Dbf4-4A (Fig 7B, leftmost panels). Consistent
with the notion that Dbf4 phosphorylation is important for effi-
cient destruction of SC proteins, a milder delay in destruction of
Redl and Zipl was seen in dbf4537*AT37A compared to the
dbf4-4A mutant. Furthermore, dbf4%7*4 showed a level of phos-
phorylation between dbf4537#4T37°4 and wild type, and we
observed only a modest delay in the destruction of Redl and
Zipl (Fig 7B, rightmost panels). The dbf4"™>”** mutation alone
had no effect on Dbf4 phosphorylation, and consistent with a
role for Dbf4 phosphorylation in SC destruction, we did not
observe any delay in the destruction of Redl and Zipl
(Fig EVSE). Similarly to dbf4-4A, the dbf4>3184S3194 mutant
showed a reduction in the total levels of Dbf4, suggesting that
mutation of these residues results in reduced protein stability
(Fig EVSF). Thus, it is difficult to draw clear conclusions about
the requirement for S318 and S319 in Dbf4 phosphorylation.
Nonetheless, we note that phosphorylation was more evident in
dbf4537*4 3754 than in dbf4-4A, suggesting that residues S318
and S319 do contribute to Dbf4 phosphorylation, perhaps indi-
rectly. Taken together, our data suggest that Dbf4-S374 and
Dbf4-T375 are synergistically involved in Cdc5/Cdc28-dependent
phosphorylation, and that this phosphorylation is required for
efficient destruction of SC components.

Discussion

In this work, we demonstrated that three major cell cycle kinases,
DDK, Polo, and CDKI1, coordinate to dismantle the SC, a meiosis-
specific chromosomal structure, at the prophase I-metaphase I tran-
sition (Fig 7C). Before pachytene exit, the Dbf4 component of DDK
undergoes CDK1-dependent phosphorylation. As cells exit pachy-
tene, Polo is upregulated and initiates SC destruction as it collabo-
rates with CDK1 to hyperphosphorylate Dbf4. Hyperphosphorylated
DDK greatly enhances the efficiency of SC destruction, which
relieves Rad51 of its meiosis-specific inhibition and allows rapid
repair of any persisting DSBs. Upon completion of metaphase I,
Dbf4 is targeted for degradation by the APC/C, and Polo promotes
the metaphase I-anaphase I transition independently of DDK by
regulating key steps such as the destruction of cohesin. Our findings
shed light on how SC destruction is temporally coordinated with the
cell cycle and point toward the existence of a change in the mode of
HR to promote faithful chromosome segregation and reinforce
gamete viability. Below, we discuss the implications of these
findings.

© 2017 The Authors
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Fundamental cell cycle kinases collaborate during the
prophase I-metaphase | transition

The formation of the SC in meiotic prophase I has been extensively
studied (Tsubouchi et al, 2016). In comparison, little is known about
how this macromolecular proteinaceous structure is removed from
chromosomes following pachytene exit, despite the fact that persis-
tence of the SC beyond prophase I would pose a major obstacle to
homologous chromosome segregation (Cahoon & Hawley, 2016). A
role for Cdc5 has been ascribed due to the finding that, even in the
absence of Ndt80, which facilitates entry into the later stages of
meiosis, the production of Cdc5 alone leads to efficient disassembly
of the SC (Sourirajan & Lichten, 2008). Similarly, Polo-like kinase
was shown to be required for SC disassembly in the mouse and the
worm, suggesting that the mechanism governing SC disassembly is
evolutionarily conserved (Jordan et al, 2012; Machovina et al,
2016). However, the regulation of Cdc5-driven SC disassembly and
the involvement of other proteins had not been explored.

Here, we used budding yeast to demonstrate that two major cell
cycle kinases, DDK (Dbf4-dependent Cdc7 kinase) and CDKI1
(Cdc28), constitute an important part of the SC destruction mecha-
nism triggered by the induction of Polo (Cdc5) at the prophase I-
metaphase I transition. We showed that this mechanism promotes
disassembly of lateral element protein Red1 and transverse filament
protein Zipl (Fig 4B), which coincides with a reduction in the levels
of these proteins (Figs 3C and 4A). Removal and/or destruction of
major SC proteins provides an effective means for SC dismantlement
from meiotic chromosomes. While both Redl and Zipl seem to be
destroyed upon activation of the Cdc5-triggered SC disassembly
mechanism, Red1 could be a more important target in SC disassem-
bly. Once Redl, a major component of the lateral elements of the
SC, dissociates from chromosomes, Zipl, the transverse filament
protein, loses the foundation for its chromosomal localization
(Smith & Roeder, 1997). In this respect, it is interesting to note that
destruction of Redl is more responsive to Cdc5 induction than
destruction of Zip1 (e.g., Figs 6D and EV5C), raising the possibility
that the mechanism governing destruction of these two proteins is
at least partially distinct. Zipl destruction might require two steps:
dissociation from chromosomes upon Red1 destruction, followed by
destruction itself. With this in mind, it is relevant to note that incor-
poration of Zipl into the SC is a dynamic feature, with Zipl
constantly dissociating from and reintegrating into the SC (Voelkel-
Meiman et al, 2012). It is possible that, following CdcS induction,
this behavior of Zip1 might facilitate its destruction.

When the kinase activity of Cdc5 is ablated, SC destruction does
not occur, regardless of the Dbf4-Cdc5 interaction (Fig 5C). Simi-
larly, although Cdc5-independent phosphorylation of Dbf4 is impor-
tant, it alone is not sufficient for triggering SC destruction (Fig 6A).
Moreover, even if Cdc28 activity is inhibited, SC destruction can
occur in a Cdc20- and Cdc5-dependent manner (Fig EV4A and B).
These findings build on previous reports by confirming the require-
ment for Cdc5’s kinase activity (Sourirajan & Lichten, 2008).
Notably, when either the regulatory subunit (Dbf4) or the catalytic
subunit (Cdc7) of DDK was depleted, SC component destruction
was severely compromised yet not completely repressed (Fig 6D-F),
arguing that DDK activity is important but not an absolute require-
ment for this protein destruction mechanism. Since the influence of
DDK is dependent on the kinase activity of Cdc5, one possibility is
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that DDK promotes SC destruction by enhancing the kinase activity
of CdcS5. Our data suggest that Cdc28 contributes to SC destruction
indirectly by phosphorylating Dbf4, although we cannot rule out the
possibility that it has a more direct role in SC destruction. It is also
possible that Cdc28 phosphorylates CdcS, as in vitro experiments
have indicated that Cdc28-dependent phosphorylation of Cdc5
enhances its kinase activity and that this phosphorylation is essen-
tial for the role of Cdc5 in mitosis (Mortensen et al, 2005). What is
the role played by Cdc28- and Cdc5-dependent Dbf4 phosphoryla-
tion? One possibility is that, in the absence of Dbf4 phosphorylation,
DDK is unable to enhance the kinase activity of Cdc5, thus mimick-
ing the inefficient SC destruction seen in the absence of DDK activ-
ity. This would suggest that Cdc5 contributes to the establishment
of a positive feedback loop by phosphorylating Dbf4.

The demonstration that the catalytic activities of Cdc5, DDK,
and Cdc28 are required for SC destruction points toward a scenario
in which SC components are phosphorylated directly by at least
one of these kinases. Consistently, it was recently shown that
partially purified DDK can phosphorylate Zipl in vitro (Chen et al,
2015). Chen et al (2015) also provided evidence to suggest that
DDK-independent phosphorylation of Zip1 takes place in vivo, rais-
ing the possibility that Cdc5 and/or Cdc28 may phosphorylate
Zipl. Consistently, it has been reported that mouse PLK1 phospho-
rylates SYCP1, the mouse homolog of Zipl, as well as another
central element protein (Jordan et al, 2012). Additionally, Cdc28
has been shown to localize to meiotic chromosomes during
prophase I, where it promotes the maturation of Zipl into fully
linear SC (Zhu et al, 2010). In contrast to Zipl, the phosphoryla-
tion of lateral element protein Redl is well established (Bailis &
Roeder, 1998), although the requirement for Red1 phosphorylation
is debated (Lai et al, 2011). It is interesting to note that other
members of the Ndt80 regulon are dispensable for SC destruction,
strongly suggesting that the means to destroy the SC exists before
pachytene exit but is unable to act in the absence of Cdc5 activity.
Emphasis should be placed on identifying the targets of Cdc5,
which likely include Redl and/or Zipl, and possibly other central
element proteins that are required for SC formation such as Ecm11
and Gmc2 (Humphryes et al, 2013; Voelkel-Meiman et al, 2013;
Leung et al, 2015).

Significance of the DDK-Polo interaction in other contexts

The genetic and physical interaction between DDK and Cdc5 has
been known for approximately two decades, although the molecular
implications of this interaction have thus far remained elusive.
Overproduction of Cdc5 can suppress the growth defect of several
dbf4 temperature sensitive mutants, strongly suggesting that
enhancing the physical interaction between Cdc5 and Dbf4 can
suppress defects in the initiation of DNA replication (Kitada et al,
1993; Hardy & Pautz, 1996). More recently, it was shown that dele-
tions/mutations in Dbf4 that abolish the Dbf4-Cdc5 interaction are
capable of suppressing the growth defect of the cdc5-1 temperature
sensitive mutant, which is unable to exit mitosis, suggesting that the
Dbf4-Cdc5 interaction may also regulate mitotic exit (Miller et al,
2009; Chen & Weinreich, 2010). We have now provided compelling
evidence that the binding of Cdc5 through residues 83-88 on Dbf4 is
important for phosphorylation of Dbf4, which in turn promotes
efficient Cdc5-driven SC destruction.
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In addition to its role in destroying the SC and reactivating
mitotic recombination mechanisms, our results suggest that Cdc5
downregulates DSB formation toward the end of prophase I (Figs 5A
and B, and EV3D-F). Such an act would further facilitate the transi-
tion into metaphase I. Negative regulation of DSB formation by a
Polo kinase has recently been reported in the worm (Nadarajan
et al, 2017). We do not currently know whether other members of
the Ndt80 regulon facilitate this role of Cdc5, although given the
nature of the findings presented here, we speculate that CdcS5 does
not act alone. The role of Cdc5 in regulating the resolution of joint
molecules during meiosis and mitosis has been elucidated (Matos
et al, 2011, 2013; Szakal & Branzei, 2013). Moreover, while we were
in the process of preparing our manuscript, Princz et al (2017)
provided compelling evidence that regulation of joint molecule reso-
lution during mitosis also involves DDK. Taken together, it is
becoming increasingly transparent that DDK and Cdc5 collabora-
tively regulate multiple events in both the mitotic and meiotic cell
cycles in budding yeast. It remains a high priority to determine
whether DDK and Polo show physical and/or functional interactions
in other organisms, especially higher eukaryotes.

Switching of HR modes at the prophase I-metaphase | transition

A long-standing question in the field of meiosis has concerned the
requirement for two RecA orthologs. It has been proposed that
Dmcl preferentially catalyzes interhomolog recombination, whereas
Rad51 primarily catalyzes intersister recombination during meiosis,
although how the two recombinases serve their roles during meiosis
is not clear. Recent studies have demonstrated that Dmcl but not
Rad51 can stabilize base pairing between the invading strand and
the donor duplex despite the presence of mismatches (Lee et al,
2015; Qi et al, 2015), providing support for the argument that only
Dmcl can efficiently catalyze interhomolog recombination. It is also
interesting to note that Dmcl catalyzes branch migration in the
opposite direction to Rad51 (Murayama et al, 2011). Rad51-depen-
dent HR does not abide by the regulatory processes that are charac-
teristic of meiotic HR (Lao et al, 2013), leading to the proposal that
it resembles mitotic HR. Conversely, several observations indicate
that Rad51 is somewhat able to fulfill the same catalytic role as
Dmcl, arguing that RadS1 can play a catalytic role in interhomolog
recombination (Tsubouchi & Roeder, 2003, 2006; Busygina et al,
2008, 2012; Callender et al, 2016). Furthermore, in some organisms
such as Caenorhabditis elegans and Drosophila melanogaster, Dmcl
does not exist and Rad51 is the sole recombinase in meiosis.

Cloud et al (2012) proposed that the catalytic activity of Rad51
during meiosis is dispensable, with its role being to support Dmcl.
Although this may be the case for interhomolog crossover forma-
tion, our data point towards the possibility that Rad51 has an addi-
tional function following exit from pachytene. By this time,
recombination intermediates that will give rise to interhomolog
crossovers have already been established (Allers & Lichten, 2001),
thus the meiotic bias to specifically engage homologs in HR, as
opposed to sister chromatids, has served its purpose. Consequently,
the SC, which is one of the key factors that promotes interhomolog
recombination, can be dismantled. Rad51 is then able to efficiently
repair any persisting DSBs before homologs are pulled by their kine-
tochores to opposite poles of the cells. Although it is formally possi-
ble that Dmc1 also participates in this DSB repair, its contribution is
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likely to be minimal because Dmc1 is dispensable for repairing DSBs
in the absence of the SC (e.g., during the mitotic cell cycle). In our
experimental system, where Dmcl is absent, this DSB repair resem-
bles mitotic HR as interhomolog crossovers represent a relatively
small fraction of the possible repair outcomes (Fig EV2B-D). Consis-
tently, despite the repair of most/all DSBs, > 80% of the resulting
spores were inviable, likely due to mass aneuploidy (Figs 3A and
EV2A). Taken together, these findings support the notion that a
Rad51-dependent mitotic mode of HR is activated at the prophase I~
metaphase I boundary to repair any persisting DSBs.

Distinct roles for the catalytic activities of Rad51 and Dmcl
during meiosis are further supported by observations in the fission
yeast Schizosaccharomyces pombe. The absence of Dmcl does not
lead to a reduction in spore viability (Fukushima et al, 2000),
despite a substantial reduction in crossovers (Grishchuk & Kohli,
2003), indicating that the number of crossovers formed is sufficient
to support high levels of spore viability (~85%). The absence of
either Rad55 or Rad57, which serve as activators for Rad51, results
in a relatively small reduction in crossover formation (Grishchuk &
Kohli, 2003). Nonetheless, despite forming more crossovers than
the dmclA mutant, both the rad55A and rad57A mutants show
~55% spore viability (Khasanov et al, 1999; Tsutsui et al, 2000),
suggesting that defects in the Rad51 HR pathway can lead to a
reduction in spore viability that is independent of the requirement
for crossover formation. These observations point toward the exis-
tence of a role for HR in meiosis that is dependent on the mitotic HR
machinery but independent of crossover formation. Consistent with
this possibility, the disruption of Rad51 catalytic activity in budding
yeast led to a ~12% reduction in spore viability despite DNA joint
molecules forming at wild-type levels (Cloud et al, 2012).

Based on the above discussion, we propose that two modes of
HR exist during meiosis. In the first mode, Rad51 promotes interho-
molog recombination, likely by assisting Dmc1 (Cloud et al, 2012).
It is also possible that Rad51 makes a catalytic contribution to inter-
homolog recombination, although this is likely to be inefficient (Lao
et al, 2013). In the second mode, Rad51 is responsible for the rapid
repair of any persisting DSBs before paired bivalents align on the
metaphase plate. This repair likely involves the sister chromatid or
preferentially produces noncrossovers as it does not lead to efficient
interhomolog crossover formation or rescue the spore inviability of
the dmcIA mutant (Fig EV2). The recombination checkpoint, which
controls exit from pachytene and commitment to the meiotic divi-
sions, is likely to be the switch that triggers activation of the second
mode of HR.

A similar change in the mode of HR has been reported in
C. elegans, where the sole recombinase in meiosis is RAD-51. The
meiotic mode of HR is characterized by the competence to form
crossovers and a dependence on RAD-50 for efficient chromosomal
loading of RAD-51 (Hayashi et al, 2007). At the mid- to late-pachy-
tene transition, this RAD-50 dependency is abruptly lost, along with
the ability to form crossovers, pointing toward a change from the
meiotic mode to a mitotic mode of HR. Thus, a change in the mode
of HR at the prophase I-metaphase I transition might be a conserved
mechanism operating among eukaryotes.

The necessity for the second mode of HR may arise from how
pachytene exit is controlled by the recombination checkpoint.
Before pachytene exit, interhomolog joint molecules accumulate as
DSBs are intensively formed in chromosomes that have not yet been
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incorporated into the SC, thus constantly stimulating the recombina-
tion checkpoint (Hochwagen & Amon, 2006). Furthermore, even
after SC maturation, DSBs continue forming, although at a much
reduced rate (Argunhan et al, 2013; Carballo et al, 2013; Gray et al,
2013; Rockmill et al, 2013; Thacker et al, 2014; Subramanian et al,
2016). Nonetheless, the recombination checkpoint allows cells to
exit pachytene most likely because of its “leaky” nature; low
numbers of DSBs within pachytene are not detected by the recombi-
nation checkpoint and cells can still progress to metaphase I. This
concept is supported by experiments involving the homing endonu-
clease VDE (Nogami et al, 2002). In response to four unrepairable
DSBs, the recombination checkpoint was unable to enforce meiotic
arrest, with viability among the resultant spores being reduced from
~90% (zero DSBs) to ~30%. Moreover, some recombination
mutants such as rad51, rad5S, and rad57 are able to complete meio-
sis with unrepaired DSBs, producing inviable spores (Game &
Mortimer, 1974; Kupiec & Steinlauf, 1997). If cell cycle progression
beyond pachytene with unrepaired DSBs is an intrinsic feature of
the meiotic cell cycle, it is advantageous for cells to be equipped
with a mechanism specifically targeted to repair this DNA damage.
The utilization of Rad51 as the recombinase and the sister chro-
matid as the template would provide a convenient solution, consid-
ering the prevalence of this type of DSB repair in mitotic cells and
the relatively little time between pachytene exit and metaphase 1.

SC disassembly, which occurs at the prophase I-metaphase I
boundary, precedes chromosome segregation triggered by removal
of sister chromatid cohesion at the metaphase I-anaphase I transi-
tion (Fig 7C). Why meiosis employs this two-step dismantlement of
chromosomal structures/proteins was not known. In light of the
discussion above and the findings presented here, there is now
substantial molecular evidence to suggest that a second mode of HR
exists in the intervening period between SC disassembly and loss of
sister chromatid cohesion. The characterization of this HR mecha-
nism, and its exact contribution to ensuring the viability of the prod-
ucts of meiosis, should be the focal topic of future research.

Materials and Methods

Further details of the experimental procedures can be found in
Appendix Supplementary Methods.

Yeast strains

All strains are derivatives of SK1 or BR1919. Further details can be
found in Appendix Table S1. The dmclA mutant was not examined
in the BR1919 background as it does not cause efficient cell cycle
arrest in that background.

Sporulation and sample preparation

Cells were sporulated in 2% potassium acetate. Protein extracts
were prepared by the trichloroacetic acid method as described
(Humphryes et al, 2013). Agarose plugs containing meiotic chromo-
somes were prepared as described (Farmer et al, 2011). Cdc5 induc-
tion was achieved through the addition of B-estradiol at a final
concentration of 5 pM (Okaz et al, 2012), except where indicated
otherwise, using the system described by Benjamin et al (2003).
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Nuclear depletion of FRB-tagged proteins was achieved through the
addition of rapamycin (final concentration 1 pg/ml; Haruki et al,
2008). To inhibit Cdc28-as1, INM-PP1 was added to cultures at a
final concentration of 10 uM (Bishop et al, 2000).

Isolation of dbf4-E86V as a suppressor of the zip1-4LA mutant

A diploid strain carrying the zipIl-4LA mutation and the canl/CANI
cyh2/CYH2 heteroalleles was employed for multicopy suppressor
screening (Tsubouchi & Roeder, 2002). zipI-4LA is a nonnull
mutant of ZIP1 that shows a severe cell cycle arrest phenotype at
meiotic prophase I despite exhibiting apparently normal SC assem-
bly (Mitra & Roeder, 2007). This cell cycle arrest is suppressed by
eliminating DSB formation (spollA), suggesting that it is caused
by recombination events that occur following DSB formation. The
zipl-4LA diploid strain was transformed with a YEp24 vyeast
genomic library (Carlson & Botstein, 1982). These transformants
were sporulated and replica plated onto medium containing canava-
nine and cycloheximide to screen for clones that displayed increased
spore viability. Plasmids were recovered from such clones, and the
identity of the genes in the genomic DNA fragment was determined.
Approximately 50,000 colonies were screened, leading to the recov-
ery of three isolates carrying DBF4 and 10 isolates carrying ZIP1.

In order to understand how overproduction of Dbf4 suppresses
the cell cycle arrest of meiotic recombination mutants, we sought to
isolate DBF4 point mutants that can phenocopy the overproduction
effect. DBF4 was randomly mutagenized by PCR using a low fidelity
Taq polymerase (DreamTaq DNA polymerase, Thermo Scientific).
Amplified fragments were cloned into a single-copy plasmid
(YCplac33) to form a mutagenized DBF4 library. The zipl-4LA
diploid strain was screened with this DBF4 library as above. A single
clone, encoding the dbf4-E86V mutation, was isolated.

Protein analysis

A fragment of Cdc5 containing the PBD was N-terminally tagged
with GST (GST-Cdc5-PBD) and overexpressed in Escherichia coli
strain Rosetta 2 (DE3). Following sonication, the lysate was clarified
and GST-Cdc5-PBD was bound to glutathione resin and further puri-
fied by gel filtration. Fluorescein-labeled peptides were purchased
from Peptide Protein Research (Fareham, UK).

Proteins from meiotic cultures were separated by SDS-PAGE and
transferred to PVDF membranes. Immunoprecipitations were
performed essentially as described (Matos et al, 2008; see
Appendix Supplementary Methods for more details). Immunodetec-
tion was performed with the following antibodies: Cdc5 (goat, 500-
fold dilution, Santa Cruz yC-19), Dbf4 (goat, 200-fold dilution, Santa
Cruz yN-15), Ndt80 (rabbit, 5,000-fold dilution, Kirsten Benjamin;
Benjamin et al, 2003), Zipl (rabbit, 5,000-fold dilution, Shirleen
Roeder; Sym & Roeder, 1994), Redl (rabbit, 5,000-fold dilution,
Shirleen Roeder; Smith & Roeder, 1997), Pgkl (mouse, 5,000-fold
dilution, Invitrogen 459250), and V5 (mouse, 5,000-fold dilution,
Bio-Rad MCA1360).

DNA analysis

Meiotic chromosomes were separated by pulsed-field gel elec-
trophoresis, and Southern blotting was performed with a probe
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recognizing chromosome II as described (Farmer et al, 2012). At
each time point, the lane signal was background-subtracted and the
signal for the intact chromosome band and the smear corresponding
to the broken chromosomes were combined to obtain the total lane
signal. The amount of signal for the broken chromosomes was
divided by the total lane signal to obtain a ratio for broken chromo-
somes, which was represented as a percentage.

Expanded View for this article is available online.
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