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ABSTRACT During meiosis, homologous chromosomes are physically connected by crossovers and sister chromatid cohesion.
Interhomolog crossovers are generated by the highly regulated repair of programmed double strand breaks (DSBs). The meiosis-specific
kinase Mek1 is critical for this regulation. Mek1 downregulates the mitotic recombinase Rad51, indirectly promoting interhomolog
strand invasion by the meiosis-specific recombinase Dmc1. Mek1 also promotes the formation of crossovers that are distributed
throughout the genome by interference and is the effector kinase for a meiosis-specific checkpoint that delays entry into Meiosis | until
DSBs have been repaired. The target of this checkpoint is a meiosis-specific transcription factor, Ndt80, which is necessary to express
the polo-like kinase CDC5 and the cyclin CLBT thereby allowing completion of recombination and meiotic progression. This work
shows that Mek1 and Ndt80 negatively feedback on each other such that when DSB levels are high, Ndt80 is inactive due to high levels
of Mek1 activity. As DSBs are repaired, chromosomes synapse and Mek1 activity is reduced below a threshold that allows activation of
Ndt80. Ndt80 transcription of CDC5 results in degradation of Red1, a meiosis-specific protein required for Mek1 activation, thereby
abolishing Mek1 activity completely. Elimination of Mek1 kinase activity allows Rad51-mediated repair of any remaining DSBs. In this

way, cells do not enter Meiosis | until recombination is complete and all DSBs are repaired.
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REPAIR of double strand breaks (DSBs) in vegetative cells
occurs primarily by homologous recombination using
sister chromatids as templates (Kadyk and Hartwell 1992;
Bzymek et al. 2010). In contrast, during meiosis proper Mei-
osis I segregation is promoted by crossovers that are created
by repair of programmed DSBs using homologs as templates.
These DSBs are introduced preferentially into regions of the
genome called “hotspots” by a highly conserved, meiosis-
specific, topoisomerase-like endonuclease called Spo11 (Keeney
et al. 2014). There are numerous meiosis-specific constraints
on DSB repair to ensure that each homolog pair receives at
least one crossover, including: (1) interhomolog bias (repair
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that preferentially uses the homolog instead of the sister as a
template) and (2) creation of a specific class of crossovers
that promotes chromosome synapsis and is distributed through-
out the genome by a genetic phenomenon called interference,
in which a crossover in one interval decreases the probability of
crossovers nearby (Zickler and Kleckner 2015). In the budding
yeast Saccharomyces cerevisiae, ~160 DSBs are deliberately in-
troduced into the genome in each meiosis, with potentially
lethal consequences if even a single DSB goes unrepaired (pan
et al. 2011). Meiotic DSB repair is therefore a highly regulated
process. Meiosis-specific constraints such as interhomolog bias
and interfering crossover formation are under the control of a
meiosis-specific kinase called Mek1 (Kim et al. 2010; Chen et al.
2015; Hollingsworth 2016).

A unique feature of meiosis is the physical association of
homologous pairs of sister chromatids by an evolutionarily
conserved structure called the synaptonemal complex (SC)
(Zickler and Kleckner 2015). The SC is a proteinaceous tri-
partite structure that plays a critical role in the regulation of
recombination. SC formation begins when sister chromatids
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condense to form “tethered loops” along meiosis-specific
protein cores called axial elements (AEs). In yeast, AEs con-
tain the meiosis-specific proteins Hopl, Red1, and Rec8
(Hollingsworth et al. 1990; Smith and Roeder 1997; Klein
et al. 1999). Hopl is the founding member of the HORMA
(Hop1-Rev7-Mad2) domain family of AE proteins required for
promoting interhomolog bias during meiotic recombination in
yeast, plants, nematodes, and mammals (Hollingsworth and
Byers 1989; Mao-Draayer et al. 1996; Schwacha and Kleckner
1997; Couteau et al. 2004; Sanchez-Moran et al. 2007; Li et al.
2011). SC formation is completed when the AEs of each ho-
molog pair are connected by the polymerization of a transverse
filament protein (Zip1 in yeast) along the lengths of the chro-
mosomes (Sym et al. 1993; Dong and Roeder 2000; Page and
Hawley 2004). Zipl is one of a functionally diverse set of
proteins called the “ZMMs,” which are required for stabiliza-
tion of interhomolog strand invasion intermediates that cre-
ate stable connections between homologs that are necessary
for Zip1 polymerization along the AEs (i.e., synapsis) (Dong
and Roeder 2000; Borner et al. 2004). These intermediates
are subsequently processed into double Holliday junctions
whose resolution is biased to form crossovers (Schwacha
and Kleckner 1995; Allers and Lichten 2001; Zakharyevich
et al. 2012). Crossovers generated by the ZMM pathway are
distributed throughout the genome by interference and con-
stitute the bulk of the crossovers in a wild-type meiosis
(Chen et al. 2008).

The G2 interval in meiosis is considerably longer than in
mitosis due to Amal, a meiosis-specific component of the
Anaphase Promoting Complex that targets mitotic regulators
such as the Ndd1 transcription factor and Cdc5 for degrada-
tion by the proteasome (Okaz et al. 2012). As a result, the
mitotic program is abolished and exit from meiotic prophase
is controlled instead by the meiosis-specific transcription
factor Ndt80 (Xu et al. 1995; Chu and Herskowitz 1998).
Ndt80 activates transcription of > 200 “middle” sporulation
genes, including NDT80 itself, CDC5 (required for Holliday
junction resolution, SC disassembly, and spindle pole body
duplication), CLB1, and CLB3 (required for Meiosis I and
Meiosis II, respectively) (Dahmann and Futcher 1995;
Chu and Herskowitz 1998; Carlile and Amon 2008;
Sourirajan and Lichten 2008; Li et al. 2015). Cells lacking
NDT80 arrest at the pachytene stage of meiotic prophase,
with fully synapsed chromosomes and unresolved double
Holliday junctions (Xu et al. 1995; Allers and Lichten
2001).

Transcription of NDT80 occurs in two waves: the first is
mediated by Imel, a transcription factor responsible for ex-
pression of genes required for recombination and synapsis, as
well as the meiosis-specific kinase IME2 [reviewed in Winter
(2012)]. Imel-mediated NDT80 transcription is delayed rel-
ative to other early genes, due to the requirement for Ime2
phosphorylation to remove the Sum1 repressor from the NDT80
promoter (Shin et al. 2010). Once sufficient active Ndt80 pro-
tein has been made, Ndt80 binds to a specific DNA sequence in
its own promoter to create a positive feedback loop, as well
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as the promoters of its target genes (Hepworth et al. 1995;
Lamoureux et al. 2002; Montano et al. 2002).

The presence of unrepaired DSBs triggers a checkpoint
that arrests cells in prophase prior to Meiosis I (Lydall et al.
1996). This meiotic recombination checkpoint is a modified
version of the DNA damage checkpoint in vegetative cells
(Subramanian and Hochwagen 2014). The “9-1-1” clamp, com-
prised of Rad17-Ddc1-Mec3, binds to resected DSBs and recruits
the Tell/Mecl checkpoint kinases (ATM/ATR in mammals),
which then phosphorylate Hopl (Carballo et al. 2008). The
meiosis-specific effector kinase Mek1 binds to phospho-Hopl
via the Mekl FHA (Forkhead associated) domain, resulting in
activation of Mek1l by trans-autophosphorylation of threonine
(T) 327 in the Mek1 activation loop (Niu et al. 2007; Carballo
et al. 2008). Mek1 kinase activity is required for the meiotic
recombination checkpoint, as evidenced by the fact that the
meiotic progression delay observed for rad50S (which results
in unresected DSBs that cannot be repaired) is abolished when
MEK]1 is deleted (Alani et al. 1990; Xu et al. 1997).

The meiotic recombination checkpoint arrest is due to
inactivation of the low level of Ndt80 protein that results from
Imel transcription (Tung et al. 2000). Under checkpoint-
arrested conditions, Ndt80 is inactive due to its sequestration
in the cytoplasm and the absence of the Ime2-dependent phos-
phorylation of Ndt80 that is necessary for transcriptional ac-
tivity (Hepworth et al. 1998; Tung et al. 2000; Sopko et al.
2002; Benjamin et al. 2003; Wang et al. 2011). Abrogation of
the meiotic recombination checkpoint in dmcl1A mutants by
rad1l7A results in Ndt80 activation and transcription of its
target genes (Chu and Herskowitz 1998; Pak and Segall
2002). In some cases, overexpression of NDT80 can partially
bypass the arrest conferred by dmclA or zipIA mutants,
suggesting that high levels of Ndt80 can partially titrate
out whatever is inhibiting Ndt80 (Tung et al. 2000; Pak
and Segall 2002). Importantly, the checkpoint arrest trig-
gered by defects in recombination is thought to be an ex-
treme case of what happens normally during meiosis, where
DSBs activate the checkpoint to delay entry into Meiosis I
until recombination and synapsis are complete.

Okaz et al. (2012) proposed that progression through mei-
osis is controlled by a switch between two stable states. In the
first state, the meiotic recombination checkpoint senses the
presence of DSBs and inactivates Ndt80, thereby preventing
Holliday junction resolution, SC disassembly, and meiotic
progression. For example, the meiosis-specific recombinase
DMC]1 is required for the formation of single-end invasion
intermediates, which are precursors to the primary crossover
pathway in yeast (Hunter and Kleckner 2001). In the absence
of DMC1, DSBs are made and resected but are not repaired,
thereby preventing SC formation and triggering meiotic pro-
phase arrest (Bishop et al. 1992; Lydall et al. 1996; Xu et al.
1997). When the signal to the meiotic recombination check-
point is eliminated, Ndt80 becomes activated, resulting in
high cyclin-dependent kinase (CDK) levels (due to transcrip-
tion of CLBI) that drive cells into meiosis and sporulation.
But what is the signal that turns off the checkpoint to activate



Ndt80? One idea is that Ime2 and CDK/Cln3 work together in
a double-negative feedback loop to control NDT80 transcrip-
tion (Gurevich and Kassir 2010). Another hypothesis is that
synapsis of homologous chromosomes turns off Mek1 kinase
activity by removing the kinase from chromosomes, thereby
shutting off the checkpoint (Subramanian et al. 2016). A
third model, based on the observation that ectopic expression
of CDC5 bypasses the checkpoint in dmclA mutants, posits a
role for Cdc5 in regulating Ndt80 activity (Acosta et al. 2011).
Recently, the meiosis-specific Hed1 protein was shown to
be an in vivo substrate of Mek1 (Callender et al. 2016). Hed1
binds to Rad51, thereby preventing complex formation be-
tween Rad51 and its accessory factor Rad54 (Tsubouchi and
Roeder 2006; Busygina et al. 2008). Mek1 phosphorylation of
Hed1 T40 inhibits Hed1 degradation, thereby contributing to
the inhibition of Rad51 strand exchange activity (Callender
et al. 2016). Using an antibody specific for Hed1 phospho-
T40 as a sensitive marker for in vivo kinase activity, we show
that Mek1 is constitutively active in ndt80-arrested cells,
and that elimination of all Mek1 activity requires NDT80-
mediated transcription of the polo-like kinase CDC5. We
propose a model in which Mek1 kinase activity and Ndt80
negatively feedback on each other to ensure that meiotic pro-
gression does not occur until all DSBs have been repaired.

Materials and Methods
Media

Liquid and solid media were as previously described (Lo and
Hollingsworth 2011) with 2% galactose used in place of
glucose where indicated. Liquid sporulating culture (Spo)
medium is 2% potassium acetate. To make plates containing
methyl methanesulfonate (MMS), a 10% stock (Sigma Chemical,
St. Louis, MO, 129925) was added to yeast peptone dextrose
(YPD) or galactose (YPGal) medium at a final concentration of
0.04% immediately prior to pouring the plates. MMS plates were
used the next day.

Plasmids

The plasmid pKB80 contains Pspp;-GAL4.(848) ER (hereafter
GAL4-ER) in a URA3-integrating plasmid (Benjamin et al.
2003). Pgpp1-GAL4.ER was subcloned into a TRP1-integrating
plasmid in two steps. First, site-directed mutagenesis of
PRS304 (Sikorski and Hieter 1989) was used to change T to
C at base pair 529 of the TRP1 open reading frame (ORF) in
pRS304 to generate pEP102. This mutation creates an Nhel
site but does not alter the amino acid specified by the codon
(L178). Second, a fragment containing Pgpp;-GAL4-.ER engi-
neered to have Nsil and Kpnl ends was amplified by the po-
lymerase chain reaction (PCR) using pKB80 as template and
cloned into Nsil/Kpnl-digested pEP102 to create pEP105.
This plasmid can be targeted to integrate at the trpl locus
using Nhel. To make Pg4; ; promoter fusions using hphMX4 as
the selectable marker, the P4y ; promoter region from pFA6a-
kanMX6-Pga1; was amplified and digested with BglIl and

Pacl and subcloned into pAG32 to make pEP104 (Longtine
et al. 1998; Goldstein and McCusker 1999). pJR2 is a mek1-as
URA3-integrating plasmid (Callender and Hollingsworth
2010). The plasmids pMJ830 and pMJ840 are hphMX4-
integrating plasmids containing Pgar;-CDC5 and Pgay;-cdc5-
N209A, respectively (generously provided by M. Lichten,
National Institutes of Health). These plasmids can be tar-
geted for integration at CDC5 by digestion with SnaBI.

Yeast strains

The complete genotypes of the yeast strains used in this work
are given in Supplemental Material, Table S1. All strains are
derivatives of the fast sporulating SK1 background. Gene
deletions and Pgy; ; fusions were created by PCR-based meth-
ods using kanMX6, natMX4, and hphMX4, which confer resis-
tance to G418, nourseothricin (NAT), and Hygromycin B
(HygB), respectively (Longtine et al. 1998; Goldstein and
McCusker 1999; Tong and Boone 2006). In addition, some
genes were deleted using the Kluyveromyces lactis URA3
gene as a selectable marker (pKlU, provided by A. Neiman,
Stony Brook University). Unless stated otherwise, deletions
and gene fusions were confirmed by PCR. Deletions of
RAD54 were also confirmed phenotypically by sensitivity
to 0.04% MMS.

The rad54A control strain, NH2136, was constructed by
deleting RAD54 with kanMX6 in S2683 and RKY1145 and
then mating to make the diploid. To make the RAD54-IN
diploid, NH2319, the Pgs;; promoter was fused to the
RAD54 ORF in Al14154, thereby creating A14154 RAD54-
IN. This haploid was then mated to SKY371 and a MAT«
ura3::Pgpp1-GAL4-ER::URA3 trp1::hisG kanMX6-Pga;-RAD54
segregant (NH2318-20-2) was crossed to RKY1145::pKB80
rad54A. RKY1145::pKB80 rad54A was generated by first in-
tegrating pKB80 digested with Nhel at the ura3 locus of
RKY1145 to introduce Pgpp;-GAL4-ER, followed by deletion
of RAD54 with natMX4.

Estradiol (ED)-inducible alleles were created by placing
the gene of interest under control of the Ps4;; promoter in the
presence of GAL4-ER. These alleles are abbreviated as
GENEX-IN. The NDTS80-IN diploid, NH2127, was derived
from mating segregants from a cross between A14154 and
A28417. The NDT80-IN rad54A diploid, NH2126, was made
by mating segregants from a cross between A14154 rad54
and A28417. The MAT« parent of NH2126, NH2111-12-3,
was crossed to A14154 RAD54-IN to make the NDT80-IN
RAD54-IN diploid, NH2185. The NDT80-IN diploid, NH2033,
was created by mating A14154 with S2683 ndt80. To create an
isogenic diploid containing mekI-as, MEK1 was deleted using
natMX4 in A14154 and S2683 ndt80. The S2683 ndt80 mek1
haploid was then transformed with pJR2 digested with RsrII to
target integration of the plasmid downstream of the mek1A::
natMX4 and mated to A14154 mek1 to make NH2122::pJR2.

The hemizygous CDC5-IN ndt80A diploid, NH2296, was
created by mating S3363 with RKY1145 ndt80. To create
isogenic diploids homozygous for CDC5-IN and cdc5-N209A-
IN, S2683 ndt80::pKB80 and RKY1145 ndt80::pKB80 were
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transformed with either pMJ830 or pMJ840 digested with
SnaBI. The sequence of the integrated CDC5 alleles was con-
firmed by amplifying fragments containing Pga;;-CDC5 from
the genomic DNA of the transformants followed by DNA
sequencing at the Stony Brook University DNA Sequencing
Facility. The haploids were then mated to create NH2398
(CDC5-IN) or NH2395 (cdc5-N209A-IN).

The NDT80-IN, NDT80-IN rad54A, and NDT80-IN RAD54-
IN genotypes were also introduced into isogenic diploids
containing the HIS4-LEU2 hotspot as follows. Because the
NHY1210 and NHY1215 haploids contain a deletion of
URA3, thereby preventing integration of pKB80 (URA3
GAL4-ER), the TRP1 GAL4-ER-integrating plasmid pEP105
was used instead. To allow the use of TRPI as a selectable
marker, the first 222 bp of the TRP1 ORF were substituted
with natMX4 to make NHY1210 trpl and NHY1215 trpl
(this haploid was subsequently found to be disomic for chro-
mosome III). The Pg,p; promoter was fused to NDT80 using
pFA6a-kanMX6-pGAL1 (Longtine et al. 1998) in both strains,
which were then transformed with pEP105 digested with Nhel
to introduce GAL4-ER. The resulting strains, NHY1210 trp1
NDT80-IN::pEP105 and NHY1215 trpl NDTS80-IN::pEP105,
were mated to make NH2232. A rad54A derivative was created
by deleting RAD54 with hphMX4 in the parents of NH2232
and mating the resulting haploids to create NH2240. For the
NDT80-IN RAD54-IN diploid, the Pg4;; promoter was introduced
upstream of RAD54 in NHY1210 trpl NDT80-IN::pEP105 and
the resulting haploid was mated to NHY1215 trpl NDT80-IN::
pEP105 to make NH2245.

The dmclA NDT80-IN mekl-as diploid, NH2278, was
constructed by first deleting MEK1 with hphMX4 from
NHY1210 trpl NDT80-IN::pEP105 and NHY1215 trpl
NDTB80-IN::pEP105. The mek1-as URA3 plasmid pJR2 was
digested with RsrlI to target integration downstream of the
mek1A deletion and transformed into each haploid (Callender
and Hollingsworth 2010). The pJR2 plasmid was then popped
out using 5'-fluoro-orotic acid (FOA) to select for Ura™ candi-
dates (Boeke et al. 1984). 5-FOAR colonies were screened for
sensitivity to HygB to identify those popouts in which the
mek1-as allele remained in the chromosome. The second exon
of DMC1 was deleted using hphMX4 from NHY1210 trpl
NDT80-IN::pEP105 mekl-as and NHY1215 trpl NDT80-IN::
pEP105 mekl-as, and the haploids were mated to make
NH2278. The dmclA NDT80-IN mekl-as rad17A diploid,
NH2365, was created by deleting RAD17 from NHY1210
trpl dmcl mekl-as NDT80-IN::pEP105 and NHY1215 trpl
dmcl mekl-as NDT80-IN::pEP105 using K. lactis URA3 and
the resulting haploids were mated.

MMS sensitivity assay

Single colonies for each strain were inoculated into 3 ml YPD
and grown overnight on a roller at 30°. The optical density at
wavelength 600 nm (ODggo) of each culture was measured
and cells were diluted to an ODggg of 0.6 in 2 ml YPD in two
test tubes. The cells were incubated on a roller drum at 30°
for 2 hr, at which time 5 mM ED was added to a final
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concentration of 1 pM to one tube for each pair, and an
equal volume of 100% ethanol was added to the other
tube. After a further 2 hr at 30°, the ODgoo was determined,
and the volume of cells equivalent to two ODggq units from
each culture was transferred to 1.5-ml microcentrifuge
tubes. Cells were pelleted by centrifugation at 13,000 rpm
for 1 min at room temperature and then washed with 1 ml of
sterile distilled water. The pellets were resuspended in
100 pl water and tenfold serial dilutions were spotted onto
YPD, YPD + 0.04% MMS, and YPGal + 0.04% MMS plates.
The YPD plates were incubated for 1 day at 30°, while the
YPD + 0.04% MMS and YPGal+0.04%MMS plates were
incubated for 2 days at 30° before scoring.

Meiotic time courses

The protocol for sporulation was described in Lo and
Hollingsworth (2011). All experiments were carried out
at 30°. To induce transcription of RAD54-IN, NDT80-IN,
and CDC5-IN, 5 mM ED was added to a final concentration
of 1 uM at the indicated times. Cells at various time points
were taken and processed as follows. For meiotic progres-
sion, 0.5 ml of culture was fixed in 3.7% formaldehyde and
stored at 4°. The fixed cells were subsequently spotted onto
wells of 5 pl of 1 X PBS on lysine-coated slides (Carlson
Scientific, #101204). The slides were left at room temper-
ature for 5 min and the PBS solution was removed by aspi-
ration. The cells were washed three times using 1 X PBS.
After the final wash, the slides were left at room temperature
for 10 min. One microliter of mounting medium containing
1.5 pg/ml 4,6-diamidino-2-phenylindole (DAPI) (Vector Lab-
oratories, Burlingame, CA, #H-1200) was added to each well.
A 24 X 60 mm cover slip was placed on the slides and clear nail
polish was used to seal cover slips to the slides. The number of
binucleate (Meiosis I) and tetranucleate (Meiosis II) cells was
determined using fluorescence microscopy.

For protein analysis, 5 ml culture was transferred to a 15-ml
conical tube at each time point and the cells were pelleted in a
tabletop centrifuge and placed at —80°. For Southern blot
analysis of DSBs, 10 ml of Spo was transferred to a 50-ml
conical tube containing 10 ml 100% ethanol and 2 ml 0.5 M
ethylenediaminetetraacetic acid (EDTA) and stored at —20°.
Sporulation of each culture was scored after 24 hr by light
microscopy using a Zeiss AxioScope microscope (Zeiss [Carl
Zeiss], Thornwood, NY). Two hundred cells were counted for
each time point.

For tetrad dissection, 100 ul of Spo was added to 1 ml
sterile water in a 1.5-ml microcentrifuge tube. Three micro-
liters of 10 mg/ml Zymolyase T-100 was added and the cells
incubated at 37° for 15 min and then placed on ice. Tetrads
were dissected using a Zeiss tetrad dissecting microscope and
the spores incubated at 30° for ~3 days.

Physical analysis of DSBs

Physical analysis was performed using the method described
in Oh et al. (2009). DNA was isolated using the MasterPure
Yeast DNA Purification kit (Epicentre, Cat. # MPY80200).



DNA was digested with Xhol and probed after fractionation
on a 0.6% agarose gel.

Western blots

For protein analyses shown in Figure 1, Figure 3, and Figure
5, 5 ml of culture were harvested using a swinging bucket
rotor Beckman Coulter Allegra X-15R centrifuge (Beckman,
Fullerton, CA) at 3000 rpm for 1 min at 4°. The cells were
washed once with 1 ml water and the pellets resuspended in
1 ml 20% Trichloroacetic acid (TCA) (Sigma 91228). After
pelleting the cells by centrifugation as before, each pellet was
weighed and resuspended in 200 pl 20% TCA and stored
at —80°. For Figure 2, Figure 6, and Figure S2, the extracts
were prepared as described in ralk et al. (2010). Protein gels
were hand cast using TGX FastCast acrylamide gel solutions
as described by the manufacturer (7.5 or 12%, Bio-Rad, Her-
cules, CA, #1610171 and #1610175, respectively). Protein
samples were fractionated using sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) using a Criterion
Cell midi-format vertical electrophoresis cell (Bio-Rad,
#1656001) with a PowerPac Basic power supply (Bio-Rad
#1645050) at a constant voltage of 200-300 V for 40 min.
Proteins were transferred to polyvinylidine fluoride (PVDF)
membrane (Millipore, Bedford, CA, #IPVH00010) using a
Criteron Blotter with Plate Electrodes (Bio-Rad #1704070).

Antibodies

Primary antibodies were incubated overnight between 16 and
20 hr at 4°, except a-Ndt80 and «-Hopl, which were incu-
bated at room temperature for 2 hr. Secondary antibodies
were incubated at room temperature for 1 hr. Antibody dilu-
tions and sources are listed in Table S2.

Mek1 and Rec8 antibodies were generated by Covance
Research Products in guinea pigs using the peptides CIS-
QAIPKKKKVLE and QKDGNDFKFNYQDEC, respectively.
The Rec8 antibodies were affinity purified from the serum
by Covance using the peptide. The specificity of the antibodies
was confirmed by probing yeast extracts from wild-type,
mek1A, or rec8A diploids isolated either at 0 or 4 hr after
transfer to Spo medium. For Mek1, a protein of the correct
molecular weight was observed only in the wild-type diploid
undergoing meiosis, as expected given that MEK] is a meiosis-
specific gene (Rockmill and Roeder 1991; Leem and Ogawa
1992) (Figure S1A). There is a nonspecific, NDT80-induced
band that runs above Mek1, so it is important to include a zero
time point or mekIA as a control. For Rec8, a highly induced
protein band was observed between 95 and 130 kDa after
4 hr, consistent with Rec8 being meiosis-specific (Figure
S1B) (Klein et al. 1999). The detected protein ran slower in
the gel than the predicted molecular weight of 77 kDa, likely
due to extensive phosphorylation of Rec8 (Brar et al. 2006;
Katis et al. 2010). A weak band of the same molecular weight
was observed both in the 0 hr time point from wild-type and
the 4 hr time point from rec8A, indicating a nonspecific band
(Figure S1B, data not shown). This band can be eliminated by
using large dilutions of the antibody (1:100,000).

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully
within the article. All strains, plasmids, and antibodies are
available upon request.

Results
Mek1 is constitutively active at the ndt80 arrest

To analyze Mek1 kinase activity in the absence or presence of
NDT80 in the same culture, a diploid containing a conditional
allele of NDT80 (NDT80-IN) was used. Transcription of
NDTB80-IN can be induced by addition of ED to the Spo me-
dium (Benjamin et al. 2003; Carlile and Amon 2008). In ad-
dition, the diploid contained the mekI-as analog-sensitive
mutant, which encodes a kinase that can be inactivated by
addition of the purine analog 1-NA-PP1 to the medium (Wan
et al. 2004).

An NDT80-IN mek1-as diploid was transferred to Spo me-
dium and separated into three flasks. No Mek1-as inhibitor
was added to one flask, while 1-NA-PP1 was added either at
0 or 7 hr to the other flasks, respectively. Cells were taken at
various time points and protein extracts probed with anti-
bodies to detect various proteins. In the absence of ED, low
levels of Ndt80 protein were observed, but these amounts
were not sufficient to induce expression of CDC5, as no Cdc5
protein was detected (Figure 1A, —ED). Hop1 phosphoryla-
tion is an indirect indicator of meiotic DSB formation, as
well as being required for Mek1 activation (Niu et al. 2005;
Carballo et al. 2008). Phosphorylated Hop1 results in slower
migrating species that can be detected on SDS polyacrylamide
gels (Niu et al. 2005). In the absence of ED, phosphorylated
Hop1 persisted, regardless of whether Mekl was inhibited
(Figure 1A). This observation is consistent with the fact that
DSBs continue to occur at the ndt80 arrest and that Hopl
phosphorylation occurs prior to Mek1 activation (Allers and
Lichten 2001; Carballo et al. 2008; Goldfarb and Lichten 2010;
Thacker et al. 2014; Subramanian et al. 2016). Inactivation of
Mekl-as, either 0 or 7 hr after transfer to Spo medium,
resulted in an increase in total Hop1l and Mekl1 levels, as well
as Hop1 phosphorylation (Figure 1A). Similar increases were
not observed for other meiosis-specific proteins such as Hed1,
Red1, or Rec8. Why the combination of prophase arrest and
inactivation of Mek1 specifically increases the amount of Hop1
and Mek1 is not clear.

Total Hed1 levels were constant for up to 12 hr in the
absence of ED (Figure 1A, —ED). Probing with an antibody
specific for the phosphorylated form of Hed1 T40 revealed
Hed1 phosphorylation similarly persists until at least 12 hr.
No Hed1 T40 phosphorylation was observed when Mek1-as
was inactivated immediately after transfer to Spo medium,
consistent with previous experiments demonstrating that
Mek1 directly phosphorylates Hed1 T40 (Callender et al.
2016). Inactivation of Mekl-as after 7 hr in Spo medium
resulted in the disappearance of Hed1 T40 phosphorylation
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Figure 1 Mek1 inactivation resulting from NDT80 induction correlates
with the presence of Cdc5. (A) The NDT80-IN mek1-as diploid, NH2122::
pJR2, was transferred to Spo medium. The Mek1-as inhibitor, 1-NA-PP1,
was added at a final concentration of 1 wM at the indicated times. Either
DMSO (—ED) or a final concentration of 1 WM ED (+ED) was added at 7 hr
(indicated by arrowhead). Protein extracts were then probed with anti-
bodies against Ndt80, Cdc5, Hop1, Mek1, phospho-Hed1 threonine
40 (p-Hed1), Hed1, Red1, Rec8, and Arp7 as a loading control. Asterisks
indicate nonspecific bands. “p-Hop1” indicates the Hop1 mobility shift
due to phosphorylation. Three biological replicates of this experiment
gave similar results. (B) Spore viability in NDT80-IN diploids in which
Mek1-as was inactivated either before or after NDT80 induction. WT
(NH144), mek1-as (NH729::pJR2), NDT80-IN (NH2033), and NDT80-IN
mekT-as (NH2122::pJR2) were transferred to Spo medium. NDT80 was
induced using 1 wM ED and Mek1-as was inhibited using 1 pM 1-NA-PP1
at the indicated times. The resulting tetrads were dissected to determine
the percent viable spores. The averages of at least three biological repli-
cates are shown with error bars indicating the standard deviations (SDs).
(C) Spore viability in the absence of Mek1 activity as a function of time of
NDT80 induction. The NDT80-IN mek1-as diploid, NH2122::pJR2, was
transferred to Spo medium and divided between two flasks. One flask
had no 1-NA-PP1 (—I) while the other contained 1 wM 1-NA-PP1 added
at t = 0 (+ I). Cells were removed at the indicated timepoints, ED was
added (+ED), and the cells were placed back on the shaker for > 24 hr to
complete sporulation. “—ED" indicates that no ED was added. Error bars
represent the SD from the dissections performed on different plates.
A minimum of 77 and 103 tetrads were dissected for the no inhibitor
and plus inhibitor time points, respectively. ED, estradiol; Spo, sporulation
medium; WT, wild-type.

within 1 hr, proving that constitutive Mek1 activity is needed
to maintain Hed1 in the phosphorylated state in pachytene-
arrested cells (Figure 1A, —ED).

Induction of NDT80 results in Red1 degradation and
inactivation of Mek1

Induction of NDT80 by the addition of ED resulted in the
production of Cdc5 and a loss of Hopl phosphorylation,

502 E. Prugar et al.

CDC5-IN ndt80A
+EDatt=7  -ED
HrsinSpo 0 |7 7.5 8 85 9 10|10

cdies TEHEEERW™

| Sl
o ————

p—Hed1L hes - i

Hedl [ - -
Zp MR T T T -

ATP7 sy i o i g = =

Figure 2 CDC5 is sufficient to inactivate Mek1. The CDC5-IN ndt80A
diploid, NH2296, was transferred to Spo medium and incubated for
7 hr, at which time the culture was split in half and either DMSO (—ED)
or a final concentration of 1 wM ED (+ED) was added. Protein extracts were
then probed with antibodies against, Cdc5, Hop1, Mek1, phospho-Hed1
T40 (p-Hed1), Hed1, Red1, Zip1, and Rec8. Arp7 was used as a loading
control. This experiment was repeated five times with similar results. ED,
estradiol; Spo, sporulation medium.

suggesting that DSBs were repaired (Figure 1A, +ED).
The disappearance of Hed1 T40 phosphorylation (an indi-
rect indicator of Mek1 activity) similarly correlated with the
presence of Cdc5. Hed1 T40 phosphorylation was lost more
quickly than total Hed1 protein, indicating that dephos-
phorylation precedes Hedl degradation, consistent with
previous work showing that a negative charge at Hed1 T40
promotes protein stability (Figure 1A, +ED) (Callender et al.
2016). However, dephosphorylation is not sufficient for Hed1
degradation, since the Hed1 protein was stable in the absence
of ED and Mek1 kinase activity. Therefore, induction of NDT80
is also necessary for proteolysis of Hed1.

After induction of NDT80, Hop1 levels slowly decreased,
while both Red1 and Rec8 proteins were degraded within
2 hr (Figure 1A, +ED). Redl and Rec8 degradation was
not due to the loss of Mek1 kinase activity, because steady-
state levels of both proteins were unchanged in the ndt80-
arrested cells in which Mek1-as was inactivated (Figure
1A, —ED). Induction of NDT80 resulted in progression
through the meiotic divisions and Rec8 degradation was
likely due to separase-mediated proteolytic cleavage of
Rec8 (Buonomo et al. 2000).

Mek1 kinase activity is required before, but not after,
NDT80 induction for the formation of viable spores

Because MEK1 is required to suppress intersister recombina-
tion during meiosis, diploids lacking Mek1l activity make
dead spores due to chromosome missegregation at Meiosis



I (Rockmill and Roeder 1991; Wan et al. 2004; Kim et al.
2010) (Figure 1B). Execution point experiments using
mekI-as demonstrated that Mek1 kinase activity is required
only in prophase to produce viable spores (Wan et al. 2004).
To further resolve the timing of Mek1 function relative to
Ndt80, an NDT80-IN mek1-as diploid was incubated in Spo
medium for either 5 or 7 hr. NDT80 was induced by the
addition of ED at the same time that Mek1 inhibitor was
added and the resulting tetrads dissected to determine spore
viability. The efficacy of the inhibitor was confirmed by show-
ing that a mekI-as NDT80 diploid sporulated in the absence
of 1-NA-PP1 exhibited 97.8% viable spores, compared to
5.1% in the presence of inhibitor (Figure 1B). The inhibitor
only affects Mek1-as, as 1-NA-PP1 had no effect on the spore
viability of a MEK1 NDT80-IN strain (Figure 1B). Inhibiting
Mek1-as immediately after transfer to Spo medium signifi-
cantly reduced spore viability when NDT80-IN was induced
at either 5 or 7 hr compared to the no inhibitor control (x?
test, P < 0.0001) (Figure 1B). The spore viability was not as
low as the mekI-as + 1-NA-PP1 control, however, and in-
creased when cells were arrested longer prior to NDT80 in-
duction (Figure 1, B and C). These results indicate that
prolonged time at the ndt80 arrest allows increasing amounts
of interhomolog recombination in the absence of Mek1 ki-
nase activity and are consistent with physical analyses of
mek1A ndt80A diploids showing a switch from intersister to
interhomolog joint molecules around the time that NDT80
would normally be induced (Goldfarb and Lichten 2010).

Inactivation of Mek1-as at the same time as NDT80 induc-
tion resulted in wild-type levels of viable spores after the 7-hr
arrest (x? test, P < 0.142) (Figure 1B). A similar result was
observed for the 5-hr arrest, although spore viability was
slightly reduced compared to the no inhibitor control (x> test,
P < 0.0001) (Figure 1B). These data support the idea that
Mek1-as kinase activity is required prior to NDT80 induction
while the bulk of interhomolog recombination is occurring,
but is not required after NDT80 is transcribed, as expected
given that the kinase is inactivated by Ndt80.

CDC5 is sufficient to inactivate Mek1

Ndt80 activates the transcription of > 200 genes, one of
which encodes the polo-like kinase Cdc5, which is required
for Holliday junction resolution and SC disassembly (Clyne
et al. 2003). CDC5 is the sole Ndt80 target required for these
processes as ectopic expression of CDC5-IN in the ndt80A
background is sufficient for Holliday junction resolution
and SC disassembly (Sourirajan and Lichten 2008). To see
whether CDC5 is the sole Ndt80 target responsible for inac-
tivation of Mek1, a diploid homozygous for ndt80A and con-
taining one copy of an inducible allele of CDC5 (CDC5-IN)
was constructed. In the absence of ED, Hed1 was still phos-
phorylated after 10 hr in Spo medium (Figure 2). The SC
proteins, Hop1l, Red1, and Zip1, were stable and the meiosis-
specific cohesin subunit, Rec8, was unphosphorylated. Addition
of ED after 7 hr in Spo medium resulted in the appearance of
Cdc5 an hour later (Figure 2). The timing of Cdc5 production

correlated with the disappearance of Red1 and Zipl. Mek1l
was inactivated, as phosphorylated Hedl was greatly re-
duced by 8 hr and eliminated by 9 hr. Mek1 protein was still
present at 8 hr, albeit at a lower level, suggesting that the
kinase may be inactivated by dephosphorylation of T327 in
the activation loop of Mek1, as opposed to simply undergo-
ing protein degradation (Figure 2) (Niu et al. 2007). Rec8
mobility decreased at 8 hr, likely due to CDC5-dependent
phosphorylation (Brar et al. 2006; Attner et al. 2013). In
contrast to the NDT80-IN diploid, the Rec8 protein was
not degraded because the absence of the Ndt80 target,
CLB1, prevents entry to the meiotic divisions (Chu and
Herskowitz 1998).

Previously, it was reported that induction of NDT80, but
not CDC5, results in Zipl degradation, in contrast to our
results (Figure 2 and Figure S2) (Sourirajan and Lichten
2008). One difference between the two studies was the allele
of CDC5 that was used. The published work using a hemizy-
gous N-terminally 3HA-tagged version of CDC5 failed to see
degradation of Zip1, while Zip1 was degraded in our exper-
iments using a hemizygous untagged CDC5 allele, indicating
that the presence of the HA tag decreases CDC5 function
(Figure 2 and Figure S2). To test whether Cdc5 kinase activ-
ity is necessary for Red1 degradation and Mek1 inactivation,
diploids homozygous for either CDC5-IN or the kinase dead
cdc5-N209A mutant (cdc5-N209A-IN) were compared (Hardy
and Pautz 1996). The Zip1 protein was stable in the mutant,
but the level of untagged Cdc5-N209A protein was reduced,
making it unclear whether the phenotype was due to catalytic
inactivation of the kinase or reduced protein levels (Figure
S2). The N209A mutation and the 3HA tag appear to inde-
pendently destabilize Cdc5, as the 3HA-Cdc5-N209A protein
was more unstable than either Cdc5-N209A or 3HA-Cdc5
alone (Figure S2). Therefore, caution should be used when
interpreting results obtained from either the 3HA-CDC5 or
cdc5-N209A alleles. We conclude that Cdc5 is sufficient to
induce degradation of both Red1 and Zip1.

Mek1 kinase inactivation by NDT80 does not require
CDC5-mediated Holliday junction resolution

In addition to Red1 and Zip1 degradation, another function of
CDCS5 is Holliday junction resolution to generate crossovers
(Sourirajan and Lichten 2008). One possibility is Holliday
junction resolution is the signal to inactivate Mek1. This idea
was tested by examining Mek1 activity in dmcIA mekI-as
NDT80-IN diploids. If Holliday resolution is a prerequisite
for Mek1 inactivation by Ndt80, then Hed1 phosphorylation
should persist when NDT80 is induced with ED.

Previous work using the BR strain background showed that
overexpression of NDT80 partially suppresses the dmcIA
checkpoint arrest (Tung et al. 2000), suggesting that induc-
tion of NDT80-IN by ED might also bypass this arrest. How-
ever, this was not the case in our SK1 strains. Although high
levels of NAt80 protein were observed in the NDT80-IN
dmc1A mek1-as diploid after addition of ED, the cells remained
arrested in meiotic prophase (Figure 3, A and B). Furthermore,
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Cdc5 and Clb1 were not detected, indicating that the Ndt80
generated during the checkpoint arrest was unable to acti-
vate transcription of either CDC5 or CLB1 (Figure 3B) (Chu
and Herskowitz 1998; Chu et al. 1998; Clyne et al. 2003).
This result is consistent with the meiotic recombination
checkpoint inactivating Ndt80 by sequestration of the Ndt80
protein in the cytoplasm (Wang et al. 2011). Hed1 T40 phos-
phorylation and Mek1 protein persisted, as expected given the
lack of Cdc5 (Figure 3B).

Inactivation of Mek1-as in dmclA diploids results in inter-
sister repair of DSBs, thereby allowing meiotic progression by
eliminating the unrepaired DSBs that trigger the checkpoint
(Wan et al. 2004; Niu et al. 2005). In fact, inhibition of
Mek1-as either immediately after transfer to Spo medium
or at the time of NDT80 induction resulted in production of
both Cdc5 and Clb1, inactivation of Mek1 (i.e., disappearance
of Hed1 T40 phosphorylation), and meiotic progression (Fig-
ure 3, A and B). The robust checkpoint inhibition of Ndt80
activity precluded testing whether NDT80 induction inacti-
vates Mek1 in the absence of DMCI in this diploid.

To eliminate the checkpoint inhibition of Ndt80 in the
dmclA background, RAD17 was deleted from the NDT80-IN
dmclA mek1-as strain (Chu and Herskowitz 1998; Pak and
Segall 2002). In this strain, addition of ED resulted in the
production of transcriptionally active Ndt80 and the cells
progressed through the meiotic divisions (Figure 3C). Both
Cdc5 and Clbl proteins appeared within 1 hr after Ndt80
protein was observed and this timing correlated with the
disappearance of Red1l and phosphorylated Hedl (Figure
3D). Therefore, Dmcl-mediated interhomolog recombina-
tion is not required for Ndt80-mediated inactivation of
Mek1, nor is the Holliday resolution function of Cdc5.

RAD17 is required for one of two pathways necessary to ac-
tivate Mekl (Ho and Burgess 2011). In addition, deletion of
another component of the checkpoint, RAD24, exhibits reduced
Mek1 phosphorylation, which is indicative of activation (Gray
et al. 2013). A reduction in Mek1 kinase activity could explain
why Ndt80 was active when induced in the dmclA rad17 strain,
but this reduction was not low enough to affect Mek1’s ability to
phosphorylate Hed1 (compare p-Hed and Hedl in the unin-
duced strains in Figure 3, B and D). The elimination of p-Hed1
in the rad17A strain required the presence of Ndt80 (Figure 3D,
+ED no 1-Na-PP1). CDCS5 is the sole target of Ndt80 necessary to
inactivate Mek1 in the dmclA background, as induction of CDC5
alone in dmclA-arrested cells results in Red1 degradation and
meiotic progression (Okaz et al. 2012). Induction of CDC5 by-
passes the prophase checkpoint as Red1 degradation was also
observed in the dmclA ndt80A background (Okazet al. 2012). A
simple interpretation of these results is that Ndt80 induction of
Cdc5 results in disassembly of the AEs by degradation of Red1,
thereby eliminating all remaining Mek1 activity.

NDT80-dependent inactivation of Mek1 promotes DSB
repair in dmc1A mutants

Mek1l downregulates Rad51 during meiosis by inhibiting
Rad51-Rad54 complex formation through phosphorylation
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of Rad54 and Hed1 (Niu et al. 2009; Callender et al. 2016).
Therefore, inactivation of Mek1 by Ndt80 should allow DSB
repair in the dmclA rad17A diploid. To test this idea, South-
ern blot analysis was performed to look at repair of DSBs at
the HIS4-LEU2 hotspot on chromosome III (Hunter and
Kleckner 2001). The Spo11 DSB site at this hotspot is flanked
by Xhol restriction sites, allowing the detection of DSBs and
crossovers using Xhol-digested genomic DNA (Hunter and
Kleckner 2001; Oh et al. 2009).

Induction of NDT80 in the dmc1A background resulted in a
slow decrease in DSBs, suggesting that some cells escaped
the checkpoint (Figure 4, A and B). A band corresponding to
the CO2 fragment was observed in all of the dmc1A diploids,
even in the absence of NDT80 and Cdc5, suggesting that it
was not generated by Holliday junction resolution (Figure 3,
Band D and Figure 4, A and D). One explanation for this band
is that the extensive resection that occurs in dmcIA mutants
resulted in noncrossover gene conversion of the diagnostic
Xhol polymorphism closest to the DSB site. Artificially inacti-
vating Mek1-as by addition of inhibitor, either at O or 5 hr
after transfer to Spo medium, resulted in repair of the breaks
as expected (Figure 4, A and B). In contrast, in the dmcl
mekI-as NDT80-IN rad17A strain, DSBs persisted in the ab-
sence of ED but disappeared more quickly upon expression of
NDT80 compared to the RAD17 strain (Figure 4, D and E).
The kinetics of repair was slower than that observed for the
culture in which Mek1-as was directly inactivated by inhibi-
tor. Two possible explanations for this are: (1) since there are
two independent pathways for activating Mek1, one that re-
quires RAD17 and the other PCH2, some Mekl is still acti-
vated in the rad17A (Ho and Burgess 2011); and (2) addition
of 1-NA-PP1 rapidly inhibits the kinase, whereas inactivation
of Mek1 via Ndt80 requires time to transcribe and translate
both NDT80 and CDC5 and for Red1 to be degraded.

RAD54 functions after the bulk of meiotic interhomolog
recombination to promote spore viability

During wild-type meiosis, the bulk of Mek1 activity is elimi-
nated by chromosome synapsis (Subramanian et al. 2016).
Depletion of RAD54 from ndt80A-arrested cells results in in-
creased Rad51 foci, suggesting that the reduction in Mekl
activity has resulted in Rad51-Rad54 complexes repairing
some DSBs at the ndt80A arrest. However, the persistence of
Hed1 phosphorylation at the ndt80 arrest, as well as the fact
that some hotspots still exhibit interhomolog bias, indicates
that synapsis is not sufficient to eliminate all Mek1 activity,
nor to completely activate Rad51. Furthermore, the depletion
experiment does not rule out an early function for RAD54, nor
does it address whether the Rad54-mediated DSB repair that
occurs after the bulk of interhomolog recombination is neces-
sary for spore viability. To address these questions, a comple-
mentary approach was used to induce RAD54 at the same time
as NDT80 to see if addition of RAD54 after interhomolog re-
combination is sufficient to restore the sporulation and spore
viability defects observed for rad54 mutants (Shinohara et al.
1997; Schmuckli-Maurer and Heyer 2000).
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Figure 3 NDT80-dependent inactivation
of Mek1 is independent of DMCI-
mediated strand invasion. Meiotic pro-
gression. (A) The NDT80-IN dmcT1A
mekT-as diploid (NH2278) was trans-
ferred to Spo medium for 5 hr and a final
concentration of 1 uM 1-NA-PP1 and/or
ED were added at the indicated times.
Meiotic progression was assayed using
fluorescent microscopy of fixed DAPI-
stained nuclei to determine the percent-
age of Ml and MIl cells. Two hundred
cells were counted for each strain at each
time point. The average values from two
experiments were plotted with error bars
indicating the range. (B) Meiotic progres-
sion in the NDT80-IN dmcTA mek1-as
rad17A diploid (NH2365) was analyzed
as in (A). (C) Immunoblot analysis of var-
ious proteins from extracts of cells taken
from one of the NDT80-IN dmc1A mek1-
as time courses shown in (A). Asterisks
indicate nonspecific bands. Black arrows
indicate the time of ED addition. (D) Im-
munoblot analysis using extracts from
one of the NDT80-IN dmc1A mek1-as
rad17A time courses shown in (B). Two
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A conditional allele of RAD54 (RAD54-IN) was created by
putting RAD54 under control of the GALI promoter in a strain
containing GAL4-ER. To confirm that RAD54-IN is inducible
with ED, several phenotypes were examined. In vegetative
cells, rad54A is sensitive to the alkylating agent MMS (Game
and Mortimer 1974; Shinohara et al. 1997). Serial dilutions
of RAD54, rad54A, and RAD54-IN in the presence of either
NDT80 or NDT80-IN were plated onto 0.04% MMS with ei-
ther glucose or galactose as the carbon source. In the absence
of ED, the RAD54-IN strains were killed by MMS on the glu-
cose medium, similar to the rad54A controls (Figure 5A). In
contrast, addition of 1 uM ED to liquid cultures 2 hr prior to
plating on galactose medium rescued the MMS sensitivity of
RAD54-IN, but not rad54A, confirming that RAD54-IN is a
conditional allele.

In meiotic cells, RAD54-IN was examined for rescue of the
rad54A spore viability defect. Wild-type, rad54A, and RAD54-
IN diploids were transferred to Spo medium and the RAD54-IN
culture divided in half. After 3 hr, ethanol alone was added to
one half and ED to the other half. The uninduced RAD54-IN
culture was functionally null in meiosis, exhibiting a similar
delay in meiotic progression and reduction in spore viability as
the rad54A (Figure 5, B and D). For reasons that are not clear,
addition of ED to RAD54-IN exacerbated the meiotic progres-
sion delay, as opposed to rescuing it. However, induction of
RAD54-IN improved sporulation and spore viability compared
to the uninduced strain and the rad54A, but was not to the
level of wild-type (wild-type, 78.8 * 1.6; rad54A 53.3 = 26.0;

biological replicates of each strain gave
similar results. ED, estradiol; MI, binucle-
ate; MIl, tetranucleate; Spo, sporulation
medium.

RAD54-IN — ED 56.9 = 11.6; and RAD54-IN + ED 65.6 *
4.5) (Figure 5D). The pattern of spore lethality for both
rad54A and RAD54-IN suggests that the spore inviability is
not due to Meiosis I nondisjunction, which results in de-
creased numbers of tetrads with four viable spores and in-
creased numbers of tetrads with two and zero viable spores
(Hollingsworth et al. 1995) (Figure 5E). Instead, the in-
crease in tetrads with one, two, or three viable spores sug-
gests that the spore lethality was due to unrepaired DSBs,
similar to what is observed in mms4A diploids (de los Santos
et al. 2001). Finally, while RAD54 is naturally induced in
meiotic cells (Figure 5F, compare the 0- and 7-hr time points
for NDT80-IN), for RAD54-IN the increase in Rad54 protein
was dependent upon ED (Figure 5F, compare 0-, 7-, and 8-hr
time points for NDT80-IN RAD54-IN). Therefore, RAD54-IN
is an ED-inducible allele that is null in mitotic and meiotic cells
in the absence of ED.

To test whether co-induction of RAD54 with NDT80 res-
cues the defects in sporulation and spore viability that occur
in the absence of RAD54 function, NDT80-IN, NDT80-IN
rad54A, and NDT80-IN RAD54-IN cells were arrested in pro-
phase by incubating cells in Spo medium for 7 hr, prior to
induction using 1 uM ED. Ndt80 protein was observed in all
three diploids 1 hr after induction (Figure 5F), after which
time cells proceeded through the meiotic divisions (Figure
5C) (Benjamin et al. 2003). The NDT80-IN rad54A diploid
exhibited a similar decrease in spore viability as NDT80
rad54A (Figure 5D). Meiotic progression was delayed in
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Figure 4 Induction of NDT80 allows Rad51-mediated DSB repair in
the dmcT1A rad77A background. Diploids containing either dmc7A
mek1-as NDT80-IN (NH2278) or dmc1A mek1-as NDT8O-IN rad17A
(NH2365) were transferred to Spo medium for 5 hr, and a final con-
centration of 1 wM 1-NA-PP1 and/or ED was added at the indicated
times. Arrows indicate ED addition. DSBs and COs at the HIS4::LEU2
hotspot were detected by Xhol digestion of genomic DNA probed
with a 0.6-kb Agel/Bglll fragment from pNH90 (Hunter and kleckner
2001). P1 and P2 = parental bands; CO1 and CO2 = CO bands; DSB =
DSB fragments. “t” indicates the time that the Mek1-as inhibitor,
1-NA-PP1, was added. (A) Southern blot of NDT80-IN dmclA
mek1-as from one of two independent time courses. (B) DSB frag-
ments as a percent of the total DNA is plotted for each timepoint.
The averages between two independent experiments are shown with
error bars indicating the range. (C) COs for the experiment shown
in (A) plotted as in (B). (D) Southern blot of NDT80-IN dmc1A
mek1-as rad17A from one of two independent time courses. (E
and F) DSBs and COs, respectively, for the experiment shown in
(D). CO, crossover; DSB, double strand break; ED, estradiol; Spo,
sporulation medium.
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NDT80-IN rad54A, despite similar timing and levels of Ndt80
protein compared to NDT80-IN (Figure 5, C and F). This delay
may be due to a DNA damage checkpoint that is triggered by
DSBs that persist after Meiosis I (Cartagena-Lirola et al. 2008).
Co-induction of NDT80-IN RAD54-IN rescued the delay in mei-
otic progression and restored sporulation and spore viability
to nearly wild-type levels (Figure 5, C and D) [sporulation:
NDTB80-IN 58.5 = 25.3 (n = 13), NDT80-IN rad54A 20.3 =
14.8 (n = 8); and NDT80-IN RAD54-IN 50.5 = 17.4 (n = 8)].
These results indicate that RAD54 functions after interhomo-
log recombination to generate viable spores, most likely in the
repair of residual DSBs.

Mek1 kinase activity is correlated with the number
of DSBs

Synapsis results in Mek1 removal from chromosomes and the
weakening of interhomolog bias at some hotspots (Subramanian
et al. 2016), yet it is clear that some Mek1 remains active in
ndt80-arrested cells. One explanation for this apparent con-
tradiction is that there are two sequential stages to Mek1
inactivation, with the first stage occurring due to repair of
the bulk of DSBs that result in synapsis and the second stage
occurring due to Cdc5-dependent disassembly of AEs. This
hypothesis is based on the assumption that the amount of
Mek1 activity reflects the number of DSBs in the cell. This
idea was tested by comparing the amount of Hed1 phosphor-
ylation (an indicator of Mek1 activity) (Callender et al. 2016)
and Hopl phosphorylation (an indicator of DSBs) (Niu et al.
2005; Carballo et al. 2008) in dmcIA- and ndt80A-arrested
cells. These two mutants were chosen because Hed1l and
Hop1 are both stable in the arrested cells, in contrast to wild-
type cells where the proteins are degraded as meiosis prog-
resses (Figure 6A). In addition, the levels of DSBs are very
different; dmclA strains accumulate unrepaired DSBs while
ndt80A diploids contain only ~2-10 DSBs/cell (Bishop et al.
1992; Subramanian et al. 2016). This difference was reflected
in the amount of phosphorylated Hop1 in the two mutants. At
4 hr, the level of phosphorylated Hop1 was similar in all three
strains (Figure 6, A and B). In the wild-type diploid, phosphor-
ylated Hop1 disappeared by 6 hr, while it increased and accu-
mulated in the dmcIA mutant. A low level of phospho-Hopl
persisted in the ndt80A strain, consistent with the low number
of DSBs. Mek1 kinase activity mirrored the results with
phospho-Hopl, including the persistence of a low level
phospho-Hed1 in the ndt80A for up to 8 hr of meiotic pro-
phase arrest. Therefore, Mek1 kinase activity is correlated
with the number of DSBs in the cell.

Discussion

Meiotic progression and repair of residual DSBs are
coordinated through Mek1 kinase activity and Ndt80

A critical issue for a meiotic yeast cell is determining when to
exit prophase and enter the meiotic divisions. Doing so pre-
maturely would be deleterious to the cell, as breaks may
remain unrepaired and trigger a DNA damage response prior
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to Meiosis II (Cartagena-Lirola et al. 2008; Gurevich and
Kassir 2010). We propose that coordination between the
completion of DSB repair and meiotic progression is con-
trolled by the interplay between Mek1l kinase activity and
the Ndt80 transcription factor. Our hypothesis is that Ndt80
is a sensor that responds to the global level of Mek1 kinase
activity, which is directly related to the number of DSBs. Early
in meiosis, when there are relatively few DSBs, breaks are
repaired without interhomolog bias, indicating that insuffi-
cient Mek1 has been activated (Joshi et al. 2015). Therefore,
meiotic DSB repair requires a threshold number of breaks to
activate sufficient Mek1 for the imposition of interhomolog
bias. We propose that a similar threshold exists for the amount
of Mekl kinase activity (Mekl1™) needed to inactivate the
Ndt80 protein generated by Imel, perhaps by sequestration

B rad54A

Figure 5 RAD54 functions after NDT80 induction to
promote meiotic progression and the formation of vi-
able spores. (A) MMS sensitivity. WT (NH144), rad54A
(NH2136), RAD54-IN (NH2319), NDT80-IN (NH2127),
NDTS80-IN rad54A (NH2126), and NDT80-IN RAD54-IN
(NH2185) diploids were grown to log phase in YPD.
For one set of strains, ED was added to a final concen-
tration of 1 wM for 2 hr prior to plating. Tenfold serial
dilutions were spotted onto YP plates containing either
2% glu or gal with or without 0.04% MMS as indi-
cated. (B) Meiotic progression in NDT80 diploids. WT,
rad54A, and RAD54-IN diploids were transferred to
Spo medium and incubated at 30°. After 3 hr, the
RAD54-IN culture was split with a final concentration
of 1 uM ED added to one of the RAD54-IN cultures
(indicated by black arrow). Meiotic progression was
assayed using fluorescent microscopy of fixed DAPI-
stained nuclei to determine the percentage of Ml and
MIl cells. Two hundred cells were counted for each
strain at each time point. The average values from three
biological replicates are shown. Error bars indicate the
SDs. (C) Meiotic progression in NDT80-IN diploids. ED
was added at 7 hr (black arrow) and progression was
monitored as in (B). (D) Spore viability. ED was added to
1 uM at the indicated timepoints. Lines indicate the
P-values using a x? test. Average values are shown with
error bars indicating the SDs. For the NDT80-IN strains,
two independently constructed diploids using different
SK1 parents exhibited similar results and therefore the
data were combined. For each strain, the number of
biological replicates: number of tetrads is: NH144
(3:120), (4:162), NH2319 —ED (7:185), NH2319 +ED
at 3 hr (7:172), NH2127 + NH2232 (14:524), NH2126
+ NH2240 (10:423), and NH2185 + NH2245 (10:318).
(E) Distribution of viable spores in tetrads for WT,
rad54A, and RAD54-IN without and with ED from the
dissections presented in (D). (F) Induction of Rad54 and
Ndt80 in NDT80-IN diploids. The black arrows indicate
addition of ED at 7 hr after transfer to Spo medium. This
experiment was performed three times with similar re-
sults. ED, B-estradiol; gal, galactose; glu, glucose; M,
binucleate; MIl, tetranucleate; MMS, methyl methane-
sulfonate; Spo, sporulation medium; WT, wild type.
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of Ndt80 to the cytoplasm (Figure 7) (Wang et al. 2011). The
idea that there is a DSB threshold required for activation of the
meiotic recombination checkpoint has been previously pro-
posed by Gray et al. (2013), based on the observation that
synergistic reductions in activated Mekl and spore viability
were observed when spol1 hypomorphs (which reduce DSB
formation) were combined with deletions of checkpoint com-
ponents such as RAD24. The reduced spore viability was res-
cued by delaying NDT80 expression (similar to what we
observed in the mek1A NDT80-IN). Mek1H inhibits Rad51 by
phosphorylation of Rad54 and Hed1, and promotes Dmcl-
mediated strand invasion of homologs, as well as the ZMM
pathway of interfering crossover formation that is required for
chromosome synapsis (Borner et al. 2004; Niu et al. 2009;
Chen et al. 2015; Callender et al. 2016). As DSBs are repaired,
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dmc1A (NH792), and ndt80A (NH2188) diploids were
transferred to Spo medium and assayed at different

p-Hed1 - - -”- —p—— 4
Hed1 ==ilem e — L e aEE s o SR
Mek1 oo @® - e = @
p-Hop1

Hopl =@ = = = -o“o -nmo

Arp7-—--——-------------- L BB & B 8 N & _§ _J

B 08 C 25
a
— 20
T 06 — wT 3
S —dme1a L 15
L 04 b
— —— ndt80A 8 1.0
Q I
(=] ]
m 0.2 Q. 05
a
0.0 0.0

time points for the presence of Hed1, Hed1 phos-
pho-T40 (p-Hed1), Hop1, Mek1, and Arp7. (B) Fraction
of phosphorylated Hop1 as a function of time. The
Hop1 and p-Hop1 bands from the same lanes were
quantified and normalized to Arp7. The ratio of
p-Hop1/(p-Hop1 + Hop1) was plotted. (C) Fraction
of p-Hed1 as a function of time. Hed1 and p-Hed1
were normalized using Arp7 from the same lane for
each timepoint and the p-Hed1/Hed1 ratio was plot-
ted. This experiment was repeated twice with similar
results. Spo, sporulating culture; WT, wild type.
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Mek1 is removed from chromosomes and the global level of
Mek1 kinase activity decreases (Mek1b), resulting in a weak-
ening of interhomolog bias at some hotspots (Subramanian
et al. 2016) (Figure 7). While this reduced level of Mek1l
activity is still sufficient to phosphorylate Hed1, it is below
the amount necessary to inactivate Ndt80. As a result,
Ndt80 transcribes the NDT80 gene in a positive feedback
loop, as well as expressing the other Ndt80 targets, includ-
ing CDC5 (Figure 7). Cdc5 activity results in double Holliday
junction resolution, disassembly of the SC through degra-
dation of Redl and Zipl, and inactivation of Mekl
(Sourirajan and Lichten 2008; Okaz et al. 2012) (Figure 2
and Figure 7). With Mek1 activity abolished, Rad51 can bind
to Rad54 and mediate repair of any residual DSBs. In this way,
cells do not begin the meiotic divisions until all DSBs have
been repaired.

Although both Red1 and Zip1 disappear upon CDC5 in-
duction, it is the removal of Red1 that is most likely to be
responsible for inactivation of Mekl. When Zip1 is artifi-
cially removed from ndt80A-arrested cells, Hop1l phosphor-
ylation increases and Mek1 relocalizes to chromosomes,
suggesting that the absence of the transverse filament pro-
tein indirectly activates Mek1, rather than abolishing Mek1
activity (Subramanian et al. 2016). In contrast, Red1 forms
a complex with Hopl in the AE and is required for Mecl/
Tell phosphorylation of Hopl in response to DSBs and
Mek1 activation (Niu et al. 2007; Lo et al. 2014). Therefore,
degrading Red1 removes the chromosomal infrastructure
that Mek1 requires for activation.

Our modelis consistent with several published observations.
First, since DSBs are necessary to activate Mekl, mutants
defective in DSB formation (e.g., spo11A) or Mek1 activation
(hop1A, red1A) should prematurely activate Ndt80 and enter
more rapidly into the meiotic divisions. This is, indeed, the
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case (Malone et al. 2004). Second, in haploid cells, DSBs
remain unrepaired, due to the lack of a homolog for Dmc1-
mediated repair and the inhibition of Rad51 activity by
Mek1 (De Massy et al. 1994; Callender and Hollingsworth
2010). In disomic cells, DSBs are repaired by Dmc1 on the
disomic chromosomes, but remain unrepaired on the hap-
loid chromosomes, and meiotic progression is very delayed
(Callender and Hollingsworth 2010). Therefore, synapsis of
a single pair of homologs is insufficient to inactivate the
checkpoint. In contrast, robust intersister DSB repair occurs
at DSBs located on one arm of a chromosome that is hemi-
zygous in an otherwise diploid cell (Goldfarb and Lichten
2010). We propose that the DSB repair resulting from syn-
apsis of the other homologs in the latter case is sufficient to
lower the level of Mek1 activity below the threshold needed
to activate Ndt80, thereby enabling Cdc5 to eliminate Mek1
activity altogether to allow Rad51-mediated repair using sister
chromatids. Third, double Holliday junctions are recombina-
tion intermediates that require CDC5 for their resolution and
therefore accumulate in ndt80A-arrested cells (Clyne et al.
2003; Sourirajan and Lichten 2008). Unresolved double
Holliday junctions do not trigger the meiotic recombination
checkpoint (Zakharyevich et al. 2012), indicating that it is
not the absence of crossovers that is being monitored by the
checkpoint, but the presence of a threshold number of DSBs.
This result also shows that the level of Mek1 kinase activity
in pachytene cells is not high enough to inactivate Ndt80.
Finally, our model explains why ectopic expression of
CDCS5 is able to suppress the meiotic checkpoint arrest/
delay conferred by dmclA and zip1A (Acosta et al. 2011;
Okaz et al. 2012). The artificial production of Cdc5 prior to
Ndt80 activation bypasses the need for DSB repair to de-
crease Mekl activity so that Ndt80 can be activated. In-
stead, Cdc5-promoted degradation of Redl eliminates
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on each other. DSBs activate the Mec1/Tel1 checkpoint kinases,
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tivity above the threshold necessary to inactivate Ndt80. Mek1 in-
hibits Rad51-mediated DSB repair by phosphorylation of Rad54 and
Hed1 and promotes the ZMM pathway of interhomolog DSB repair
leading to interfering crossovers and synapsis. As a result of this re-
pair, Mek1 kinase activity is lowered below the threshold necessary to
inactivate Ndt80 (Mek1%). Induction of NDT80 results in transcription
of CDC5, leading to Holliday junction resolution and SC disassembly
via Red1 and Zip1 degradation. As a result, the remaining Mek1 is
inactivated, allowing Rad51-mediated repair of any residual DSBs. In
addition, Ndt80-mediated transcription of CLBT allows meiotic pro-
gression. DSB, double strand break; SC, synaptonemal complex.

Mek1 activity, thereby allowing Ndt80 to transcribe its tar-
get genes (Figure 7).

This model also reconciles what initially appeared to
be two contradictory results. Subramanian et al. (2016)
showed that Mek1 activity is reduced by synapsis and that
depletion of RAD54 at the ndt80A arrest increases the
number of DSBs. This result suggests that Rad51-Rad54-
mediated repair is occurring prior to NDT80 induction. In
contrast, our data show that elimination of Hed1, the ma-
jor repressor of Rad51, requires Ndt80 to inactivate Mek1-
mediated phosphorylation of Hed1 and subsequent Hed1
degradation. A possible explanation for this conundrum
comes from the interesting result that the reduced level
of Mek1 activity observed in ndt80A-arrested cells pro-
duces variable effects on interhomolog bias depending
upon the hotspot (Subramanian et al. 2016). Chromosomes
contain domains rich in Hop1 and Red1, which most likely
produce increased amounts of localized Mek1 activity rela-
tive to Hopl/Red1-poor domains (Panizza et al. 2011; Sun
et al. 2015). A recent study has shown that crossovers
formed in Hopl rich domains are more likely to occur via
the ZMM pathway, while crossovers formed in domains with
reduced levels of Hopl are generated by structure-specific
nucleases used in mitotic recombination (Medhi et al. 2016).
We propose that Rad51-mediated intersister recombination
occurs in ndt80A-arrested cells at hotspots with low levels of
local Mek1 activity, perhaps in Hop1 poor domains. Other DSB
sites, such as the HIS4-LEU2 hotspot, in which interhomolog
bias is maintained after synapsis (Subramanian et al. 2016),
may be exposed to higher local levels of Mek1 and require the

elimination of all Mek1 activity by Cdc5-mediated disassembly
of the AEs to be repaired.

The meiotic prophase checkpoint in yeast likely
monitors unrepaired DSBs, not synapsis

In nematodes, SC formation occurs independently of recom-
bination, with homologs brought together by pairing sites
(Dernburg et al. 1998; MacQueen et al. 2005). In this organ-
ism, two separate checkpoints monitor synapsis and DSB re-
pair (Bhalla and Dernburg 2005; Kim et al. 2015). The
synapsis checkpoint in nematodes is dependent upon a con-
served, meiosis-specific AAA ATPase called PCH2 (Bhalla and
Dernburg 2005). PCH2 was originally identified in budding
yeast by a mutant that partially bypassed the meiotic pro-
gression delay exhibited by zipI1 A and dmcIA strains (San-
Segundo and Roeder 1999). Variation in the ability of pch2A
and rad17A to suppress the meiotic prophase delay trig-
gered by different mutants led to the suggestion that a syn-
apsis checkpoint operates in S. cerevisiae as well (Wu and
Burgess 2006). However, subsequent work has shown that
PCH2 and RAD17 independently promote activation of
Mekl (Ho and Burgess 2011), raising the possibility that
the variable suppression of the checkpoint delays/arrest ob-
served for pch2A and rad17A reflects different requirements
for the levels of Mek1 kinase activity to trigger the check-
point. In fact, pch2A rad17A diploids enter Meiosis I faster
than wild-type cells, similar to spo11A, consistent with our
model that failure to activate Mekl results in premature
activation of Ndt80 (Wu and Burgess 2006).

We propose that, during meiotic prophase in yeast, a single
checkpoint monitoring DSB repair determines when cells exit
from pachytene and begin Meiosis I. In yeast, unlike nema-
todes, synapsis is not required for meiotic progression, as
spol11A diploids progress efficiently through the meiotic di-
visions (Malone et al. 2004). While zmm mutants are defec-
tive in synapsis and exhibit delayed meiotic progression, they
are also defective in the stable interhomolog interactions
necessary to inhibit Spol1, resulting in increased numbers
of DSBs (Borner et al. 2004; Thacker et al. 2014). We propose
that the meiotic progression delay in zip1 A mutants is related
to inefficient DSB repair, rather than its synapsis defect. For
example, phosphorylation of a conserved region in the C
terminus of Zip1 is required for synapsis and the ZMM path-
way of interfering crossover formation (Chen et al. 2015).
Despite similar defects in synapsis, the nonphosphorylatable
zip1-4A mutant exhibits significantly more DSBs than the
zipIA mutant and a greater delay in meiotic progression,
supporting the idea that the checkpoint is monitoring DSB
repair as opposed to synapsis.

Ndt80 marks the transition between two phases of
recombination in yeast

In nematodes, there are changes in chromosome structure
at mid to late pachytene that result in a transition from
interhomolog to intersister recombination (Hayashi et al.
2007; Couteau and Zetka 2011). In mice, nonhomologous
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chromosomal regions that undergo heterosynapsis late in
zygotene are associated with the loss of DSB-associated
marker y-H2AX, leading to the proposal that the constraints
on intersister recombination are relaxed (Mahadevaiah
et al. 2001). Our results suggest that a similar transition
occurs during pachytene in budding yeast and that activa-
tion of Ndt80 is the switch. Leading up to pachytene, Mek1
suppresses intersister recombination and promotes the
ZMM-pathway of DSB repair that leads to the formation of
interhomolog double Holliday junctions and synapsis (Borner
et al. 2004; coldfarb and Lichten 2010; kim et al. 2010; chen
et al. 2015). In addition, Mek1 directly or indirectly inhibits
Ndt80. Using Mek1 kinase activity to control Ndt80 activity
ensures that Ndt80 will not be activated until sufficient DSB
repair has occurred to reduce Mek1 below a threshold level.
Having both double Holliday junction resolution and Mek1
inactivation under control of Cdc5 allows the repair of residual
DSBs to occur during or immediately after crossovers have
been formed, so that the completion of recombination and
onset of the meiotic divisions are coordinated.
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