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ABSTRACT

Rec8 is a prominent component of the meiotic
prophase chromosome axis that mediates sister
chromatid cohesion, homologous recombination
and chromosome synapsis. Here, we explore the
prophase roles of Rec8. (i) During the meiotic divi-
sions, Rec8 phosphorylation mediates its separase-
mediated cleavage. We show here that such cleavage
plays no detectable role for chromosomal events of
prophase. (ii) We have analyzed in detail three rec8
phospho-mutants, with 6, 24 or 29 alanine substitu-
tions. A distinct ‘separation of function’ phenotype is
revealed. In the mutants, axis formation and recom-
bination initiation are normal, as is non-crossover
recombination; in contrast, crossover (CO)-related
events are defective. Moreover, the severities of
these defects increase coordinately with the number
of substitution mutations, consistent with the pos-
sibility that global phosphorylation of Rec8 is im-
portant for these effects. (iii) We have analyzed the
roles of three kinases that phosphorylate Rec8 dur-
ing prophase. Timed inhibition of Dbf4-dependent
Cdc7 kinase confers defects concordant with rec8
phospho-mutant phenotypes. Inhibition of Hrr25 or
Cdc5/polo-like kinase does not. Our results suggest
that Rec8’s prophase function, independently of co-
hesin cleavage, contributes to CO-specific events
in conjunction with the maintenance of homolog
bias at the leptotene/zygotene transition of meiotic
prophase.

INTRODUCTION

Meiosis involves a complex succession of chromosomal
events that result in the physical connection of homol-
ogous chromosomes. These events occur during a pro-

longed prophase period that precedes the two meiotic divi-
sions. Connections between homologs are established dur-
ing prophase and then ensure that maternal and paternal
homologous chromosomes segregate to opposite poles later,
during the first meiotic division (1,2). These connections,
seen cytologically as ‘chiasmata’, result from the combined
effects of reciprocal crossovers (COs) between non-sister
chromatids of homologs and sister connections along the
chromosome arms.

Sister chromatid cohesion, mediated by ring-shaped co-
hesin complexes, is crucial for meiotic chromosomal events.
The meiotic cohesin complex, formed in the presence of the
meiosis-specific a-kleisin subunit Rec8, abundantly occu-
pies the conjoined sister structural axes that form during
prophase (3-6). Rec8 is required for axis formation and,
thus, ensuing formation of synaptonemal complexes (SCs)
that join the axes of homologs at mid-prophase (5).

Meiotic recombination occurs in direct physical and
functional association with chromosome axes at all stages
(7). In a mutant devoid of Rec8 (rec8A), recombination
still occurs relatively efficiently, with nearly-normal levels of
recombination-initiating double-strand breaks (DSBs) and
high levels of interhomolog recombination products. How-
ever, significant aberrancies are also apparent. DSB levels
are modestly reduced and their processing is defective, as
seen by hyper-resection of their single-strand DNA tails. In
meiotic recombination, recombination occurs preferentially
between homologs rather than sister chromatids (‘homolog
bias’). In wild-type (WT) meiosis, homolog bias is estab-
lished when a DSB engages a partner duplex. The recom-
bination pathway then bifurcates into crossover (CO) and
noncrossover (NCO) branches. In the absence of Rec8, es-
tablishment of homolog bias and pathway bifurcation are
normal and NCO products appear at relatively high lev-
els (4,8). However, the crossover branch of the pathway
exhibits significant defects: progression through the sev-
eral steps of CO recombination is significantly delayed; ho-
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molog bias is lost at a key intermediate stage and CO levels
are reduced.

Rec8 is prominently subject to multiple phosphory-
lations, most of which cluster within a sequence-non-
conserved central region of the molecule (3,9). Such phos-
phorylation is known to be essential for removal of Rec8
immediately prior to and during the two divisions (9-11;
below). Importantly, it is the overall level of phosphory-
lation that is important for this effect, not simply phos-
phorylation of certain particular sites (9). However, Rec8 is
also known to be abundantly phosphorylated not only dur-
ing the divisions but throughout meiosis, from very early
stages onward (9,11; this work). Moreover, mutant Rec8
proteins lacking phosphorylation at multiple different posi-
tions (rec§ ‘phospho-mutations’) confer significant defects
during prophase. Together these findings have led to the
suggestion that phosphorylation might have significant in-
teresting prophase roles (3,12).

Existing data suggest that recombination is defective in
rec8 phospho-mutants. All the analyzed phospho-alleles ex-
hibit delayed exit from prophase (3,12). Where tested (3),
these delays dependent on recombination initiation by the
dedicated DSB trans-esterase Spoll, implying that they re-
sult from defective recombinational progression. Further,
for one tested allele, a recombination defect was revealed by
direct analysis (12). Interestingly, in analyzed cases, axis for-
mation was seen to be normal while SC formation is defec-
tive (12; below). Interestingly, some rec8 phospho-alleles, in-
cluding the three examined in detail in the current study, are
normal for prophase sister chromatid cohesion. Phospho-
mutant defects can thus identify important roles for Rec8
that go beyond its basic function in global sister cohesion.

The present study was initiated to further investigate the
roles of Rec8 for meiotic prophase events, with further at-
tention to the possibility that phosphorylation might be in-
volved. Four types of studies were carried out.

e First, we asked whether Rec8’s (phosphorylation-
dependent) separase-mediated cleavage is, or is not, also
involved in Rec8’s prophase roles. It is well-established
that after prophase I, the programmed stepwise removal
of Rec8 is essential for regular chromosome segregation
over two meiotic divisions (13-15). Segregation of
homologous chromosomes during meiosis I requires the
release of arm cohesion between the sister chromatids
while centromeric sister connections are maintained;
segregation of sisters during meiosis II then requires
the release of centromeric sister connections (14,16-18).
Moreover, at both stages, cohesin removal involves
programmed cleavage by separase, which is activated by
the anaphase-promoting complex/cyclosome (APC/C)
(19). There are hints that cleavage might not be involved.
Appearance of detectable Rec8 cleavage products par-
allels the occurrence of meiosis 1 division, suggesting
that cleavage might not be possible as early as prophase
(3,20). Moreover, there are precedents for significant
roles of Rec8/cohesin phosphorylation that do not in-
volve cleavage. In mitotically dividing mammalian cells,
cohesin is removed by a phosphorylation-dependent
cleavage-independent process at the prophase-to-
metaphase  transition, phosphorylation-dependent
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cleavage occurring only later, during mitosis per se
(21-23). An analogous situation pertains in budding
yeast meiosis: cohesin is partially released from chro-
mosomes at the prophase/metaphase transition by a
separase-independent mechanism that is dependent on
CdcS5 kinase, and thus presumably phosphorylation (11).
Nonetheless, despite these considerations, roles for a low
level of cohesin cleavage during meitoic prophase are not
excluded and the possible involvement of such cleavage
has never previously been directly examined.

e Second, we wished to precisely define the prophase phe-
notypes conferred by three previously-characterized rec§
phospho-mutations: rec8-6 A, rec8-24A and rec8-29A4. We
thus performed physical analysis of DNA recombination
synchronous meiotic time courses, including identifica-
tion of intermediates and CO and NCO products, in di-
rect comparison with wild-type and a rec8 A null mutant
as described previously (4,8). We also further examined
the effects of rec§ phospho-mutations on development of
prophase axes and ensuing formation of synaptonemal
complex.

e Third, three different kinases have been implicated in
phosphorylation of Rec8, at different stages and for dif-
ferent purposes. We were interested to examine the roles
of these kinases for meiotic recombination. Casein ki-
nase 18/e (CK138/€, Hrr25 in yeast) and Dbf4-dependent
Cdc7 kinase (DDK) collaboratively account for Rec8
phosphorylation in early/mid-prophase (9). Polo-like ki-
nase (‘PLK’; Cdc5 in yeast) can also phosphorylate Rec8
(24-26). Cdcs5 is activated in mid/late prophase and has
roles in the late prophase stages of recombination (27)
and in cohesin removal at the prophase-to-metaphase
transition (11). However, CdcS is not required for SC for-
mation (27) suggesting that it is likely not involved in
early/mid-prophase functions of Rec8; moreover, its late-
stage recombination role is unaffected by a rec8 phospho-
mutation, suggesting that it may also play no role in Rec8
phosphorylation at that stage.

e Finally, the intimate physical and functional interplay be-
tween structural components and biochemical compo-
nents of the recombination complex are established prior
to DSB formation and continues throughout the entire
recombination process (7). We have further explored this
interplay for rec8 phospho-mutant phenotypes in rela-
tion to the roles of two other key types of molecules:
Mekl, without which early inter-homolog recombina-
tion complexes are not properly assembled and/or ac-
tivated (4,8), and two members of the ZMM ensemble,
which forms at sites of CO-designations to nucleate SC
formation and shepherd ensuing SC-associated biochem-
ical steps of CO formation. Two ZMM components were
considered: SUMO ligase Zip3 and SC component Zipl.

The findings presented provide new information with re-
spect to all four lines of investigation. More speculatively,
our results are consistent with a role for Rec8 modification
in a specific constellation of effects related to CO formation
and CO-dependent SC formation.
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MATERIALS AND METHODS
Yeast strains

We used diploid Saccharomyces cerevisiae SK1 strains. The
details regarding strain constructions are shown in Supple-
mentary Table S1. Deletion mutant strains were constructed
by polymerase chain reaction (PCR)-based 1-step gene dis-
ruption and confirmed by yeast colony PCR.

Meiotic time courses

Synchronous meiosis was achieved as described previously
(4,8). Cells were first patched onto YPG plates (1% yeast
extract, 2% bacto-peptone, 2% bacto-agar and 3% glycerol)
and grown overnight, and single colonies were then picked
from YPD plates (1% yeast extract, 2% bacto-peptone, 2%
bacto-agar and 2% glucose) after 2 days of growth. To syn-
chronize supplemented pre-sporulation (SPS) cultures at
the G1 phase, a 1/500 dilution of the culture was grown
at 30°C in SPS medium (0.5% yeast extract, 1% bacto-
peptone, 0.67% yeast nitrogen base without amino acids,
1% potassium acetate and 0.05 M potassium biphthalate,
pH 5.5). Meiosis was initiated by transferring cells to sporu-
lation medium (SPM; 1% potassium acetate, 0.02% raffi-
nose and 0.01% antifoam) pre-warmed to 30°C. For phys-
ical analysis of zmm mutants at 33°C (Figure 8), the cells
were maintained at 30°C and then shifted to 33°C after
2.5 h growth in SPM (4). For analysis of Mek1-dependent
meiotic recombination in rec8-6 A, rec8-29A4 and rec8 A mu-
tants, a single culture was synchronized and divided into
four identical sporulation cultures. Then, to inhibit Mekl
kinase activity in the mek/as strain, fresh 1-NA-PP1 (1 uM,
final concentration) was added to three identical cultures af-
ter 3 h, 5 h and 7 h. Meiotic division was monitored by flu-
orescence microscopy after 4/,6-diamidino-2-phenylindole
(DAPI) staining (4). The events of meiosis I and II were cal-
culated from nuclear DAPI staining results (z = 200). Espl
expression was induced by the addition of 50 puM CuSQOy,
at 2 h, 5 h or 7 h after transferring the Pcyp;-ESPI strain
to SPM. hrr25-as and cdc7-as3 were inhibited with chemical
inhibitors (5 uM 1NM-PP1 for irr25-as and 15 uM PP1 for
cdc7-as3) at 2 h after transferring the hrr25-as and cdc7-as3
strains to SPM medium. For analysis of the ndtS0A Pcyp;-
CDC5 mutant, a single SPS culture was synchronized and
divided into two identical SPM cultures. In one of these cul-
tures, the Cdc5 protein was induced by the addition of 50
wM CuSOy at 7 h after the induction of meiosis.

Physical analysis

Genomic DNA preparation and physical analysis was per-
formed as described (4,8). For physical analysis of mei-
otic recombination, genomic DNA was treated with pso-
ralen and DNA inter-strand crosslinks were induced us-
ing 365-nm ultraviolet light. DNA from each time point
was extracted using a guanidine and phenol extraction
method (4,8). Genomic DNA (2 pg) was digested with 80
units X%ol and dissolved in DNA loading buffer after pre-
cipitation with sodium acetate and ethanol. Electrophore-
sis in 1D gels (0.6% SeaKem LE agarose in Tris-borate-
ethylenediaminetetra acetic acid (TBE)) was performed in

TBE buffer at 2 V/cM for 24 h. For two-dimensional (2D)
gel analysis, 2.5 pg of Xhol-digested DNA was loaded
onto 0.4% SeaKem gold agarose gels (lacking ethidium bro-
mide), and whole genomic DNA was separated. Gels were
stained with 0.5 pg/ml ethidium bromide in TBE, and slices
of each DNA lane containing DNA of interest were cut
from the gel. Gel slices were placed into a 2D-gel tray for
subsequent electrophoresis. DNA was positioned so that
the higher molecular weights were to the left side. Two-
dimensional gels (0.8% SeaKem LE agarose gel in TBE
containing 0.5 pg/ml ethidium bromide) were poured onto
the gel slices. Electrophoresis was performed in pre-chilled
TBE containing 0.5 wg/ml ethidium bromide at 6 V/cm
for 6 h at 4°C. For IH-CO and IH-NCO assays, 2 pg of
DNA was digested with Xhol and Ngo M1V and analyzed by
1D gel electrophoresis, as described above. Gels were sub-
jected to Southern blot analysis with ‘Probe A’ after trans-
ferring onto nylon membranes (Bio-Rad). Probes were radi-
olabeled with 3>P-dCTP using a Random Priming Kit (Agi-
lent Technologies). The URA3-arg4 physical recombination
reporter system and the CTAB/CoHex/Mg?* based pro-
cedure to stabilize HJ containing recombination interme-
diates have been described (28). Hybridizing DNA signals
were visualized and quantified using a phosphoimager with
Quantity One software (Bio-Rad).

Chromosome spreading and immunofluorescence for yeast cy-
tology

Fixation of yeast cells and chromosomes spreading for im-
munofluorescence assays were performed as described pre-
viously (4). Briefly, cells were spheroplasted in ZK buffer
(25 mM Tris-Cl, 0.8 M KCI; pH 7.5,) with dithiothreitol
(DTT; final concentration = 50 mM) for 2 min at room
temperature with gentle mixing. The 100T zymolyase was
added to reaction samples at an optimal concentration, and
incubated for 30 min. Pellets were obtained by centrifuga-
tion, washed once and resuspended in cold MES buffer.
Fixation and lysis were conducted using 3% paraformalde-
hyde and 3.4% sucrose, and 1% lipsol detergent, respec-
tively, after which the samples were placed on clean slides.
After drying, the slides were dipped in 0.2% Photo-Flo (Ko-
dak Ltd.) for 30 s and transferred to TBS buffer (25 mM
Tris-Cl, pH 8.0, 136 mM NaCl, 3 mM KClI), followed by
blocking TBS buffer with 1% bovine serum albumin (BSA).
A primary mouse monoclonal HA antibody (Santa Cruz
Biotechnology, Catalog # sc-7392) was diluted 1:1000 and
used to detect a recombinant 3HA-tagged Rec8 protein. A
rabbit polyclonal anti-Zipl antibody (Santa Cruz Biotech-
nology, Catalog # sc-33733) and a mouse monoclonal anti-
Myc antibody (Santa Cruz Biotechnology, Catalog # sc-
40) were used to detect Zipl and Zip3-13myc, respectively.
Secondary antibodies for recognizing the primary antibod-
ies were Alexa-fluor-488-conjugated, goat anti-mouse IgG
(Jackson ImmnoResearch, Catalog # 115-545-003, diluted
1:500) and a Cy3-conjugated goat, anti-rabbit IgG (Jackson
ImmnoResearch, Catalog # 111-165-003, diluted 1:500).
Images were acquired using a fluorescence microscope with
100x magnification. The contrast and brightness of images
were adjusted using Adobe Photoshop software. The inten-
sities of chromosomal arrays from WT and mutant Rec§
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strains were measured and quantified using ImageJ soft-
ware (National Institutes of Health). The number of Zip3
foci was quantified with GraphPad Prism Software.

Western blot analysis

Yeast cells were washed in distilled water and resuspended
in 0.3 M NaOH. After a 5-min incubation at room tem-
perature, samples were centrifuged at 5000 rpm for 1 min.
After discarding the supernatant, 1x protein loading buffer
was added to each pellet, mixed well and boiled for 5 min.
Equal amounts of cell lysates were analyzed by sodium do-
decyl sulfide-polyacrylamide gel electrophoresis and West-
ern blotting was performed using standard procedures. To
analyze Rec8 dephosphorylation, yeast cell extracts were
incubated in a dephosphorylation buffer (50 mM HEPES,
pH 7.5, 100 mM Nacl, 0.01% NP40, 2 mM MnCl,, 2 mM
DTT) at 30°C for 3 h with or without lambda phosphatase
while agitating. WT and mutant Rec8 proteins were de-
tected with an HA antibody (Santa Cruz Biotechnology,
Catalog # sc-7392, diluted 1:1000). An anti-Pgkl antibody
(Invitrogen, Catalog # 459250, diluted 1:5000) was used to
detect the Pgk1 protein as a loading control.

Analysis of sister cohesion

We used Pcyp;-ESPI diploid cells carrying the Lac opera-
tor and a GFP-tagged Lac repressor on chromosome XV
to analyze sister cohesion. Espl expression was induced
with 50 pM CuSOy, added at 2 h after transferring cells to
SPM medium. Samples were harvested at the indicated time
points and fixed in 40% ethanol plus 0.1 M sorbitol, then
stored at —20°C (4). For sister chromatid cohesion analy-
sis, fixed cells were spun down and then resuspended in 10
mM Tris (pH 8.0) and 1 mM EDTA containing 1 pg/ml
DAPI. Sister association was visualized immediately using
an Olympus BX53 fluorescence microscope and analysis
software, using filters for measuring GFP and DAPI fluo-
rescence.

Spore viability tests

Single diploid colonies from WT and mutant strains were
inoculated in SPM medium, grown overnight at 30°C and
then >100 tetrads were dissected for each strain onto YPD
plates. The plates were incubated at 30°C for 2 days.

RESULTS
Physical recombination analysis system

Meiotic recombination initiates by programmed DSBs.
Each DSB engages a partner duplex via a presumptive
nascent D-loop interaction. This interaction usually in-
volves a homolog chromatid, rather than the sister, reflect-
ing the strong tendency for meiotic recombination to exhibit
‘homolog bias’ (Introduction). At the nascent D-loop stage,
the recombination pathway bifurcates, with some interme-
diates yielding ‘CO’ products and others yielding products
lacking reciprocal exchange of flanking regions (‘NCOs’)
(29). CO-fated interactions progress via two long-lived in-
termediates that are detectable by physical analysis — single-
end invasions and double Holliday junctions (SEIs and
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dH1s, collectively referred to as ‘joint molecules’ or ‘JMs’),
finally yielding COs at the end of pachytene (30). Particular
features are required to maintain homolog bias during these
transitions, specifically at the transition from SEIs to dHJs
(4,8; below). NCO-fated interactions progress by a different
sequence of events, likely synthesis-dependent strand an-
nealing, for which physical intermediates have not yet been
detected.

Here, DNA events of meiotic recombination were moni-
tored using the HIS4LEU2 hotspot assay system for chro-
mosome III (4,8,31-34). Cell cultures were synchronized in
the G1 stage, and then transferred to fresh SPM medium
to induce meiosis. Meiotic genomic DNA samples were
prepared using an optimized guanidine-phenol extraction
method (4,8,31-34). Xhol restriction site polymorphisms
between ‘Mom’ and ‘Dad’ parental alleles produce diag-
nostic restriction species for DSBs, JMs and recombinant
chromosomes (Figure 1). Each enzyme-digested DNA sam-
ple from the time course was subjected to one-dimensional
(1D) gel electrophoresis to analyze DSBs and COs (Fig-
ure 1A and B). To analyze JM intermediates, cell samples
from the meiotic time course were treated with psoralen
and exposed to UV light (365 nm) to generate inter-strand
crosslinks for stabilizing recombination intermediates (Fig-
ure 1C). Native/native 2D gel electrophoresis reveals the
formation of distinct JM branched structures and the pro-
gression of meiotic recombination (4,8,31-34). The various
species of SEIs and dHJs exhibit distinct migration mobil-
ities, thus allowing characterization via their distinguish-
able shapes and sizes in 2D-gel analysis (Figure 1C). An
important feature of JM analysis is that it permits the de-
tection and evaluation of homolog bias. The species corre-
sponding to double Holliday junctions between homologs
and between sisters are readily distinguishable from one an-
other, and the tendency for meiotic recombination to oc-
cur between homologs manifested in a 5:1 ratio of inter-
homolog to inter-sister dHJs (i.e. IH:IS dHJ ratio = ~5:1)
(4). Physical analysis can also distinguish IH-CO and IH-
NCO products. Digestion of genomic DNA with X%ol and
NgoMTV, yields diagnostic species of 4.6 and 4.3 kb, respec-
tively, as defined in 1D-gels (Figure 1A and D). For all anal-
yses, the radiolabeled ‘Probe A’ was used for Southern hy-
bridization, and the hybridized DNA signals were quanti-
fied (Figure 1A).

Lack of Rec8 cleavage confers no defect in recombination

Rec8 is phosphorylated at multiple sites during prophase
(3,15) (confirmed in Supplementary Figure S1). Phospho-
rylation is canonically known to be required for separase-
mediated cleavage of cohesin during the metaphase-to-
anaphase transitions of mitosis and, analogously, during
the two meiotic divisions (19,20,35,36). To ensure appropri-
ate timing, separase is kept inactive by inhibitory binding
of securin Pdsl (35-37) and then activated by APC/C me-
diated proteolysis of Pdsl (37). We were interested to know
whether cohesin cleavage might also occur during prophase,
albeit at a low level, but sufficient to influence the recombi-
nation process.

To investigate this possibility, we analyzed the progres-
sion of recombination in time-course experiments using an

220z 1snBny |z uo 1senb Aq L0¥89Y2/9626/6 L/ v/91oIME 1eu/woo"dno-ojwapese//:sdny Wwoly papeojumoq



9300 Nucleic Acids Research, 2016, Vol. 44, No. 19

A DSB site

v
Dad = his4X=—=LEU2< N # R :
1 -_— :

i NgoMIV

Mom = HIS4 ==t LEU2 /
|

JMs

i ' BamH|  Probe A ! i
Xhol=X @ X XR Sessssteee \om
: : ok [ cos
Mom i - 5 *0eesiiild
Dad ! . I 143 Dad
IH-CO1 | : ! | 5.6
IH-CO2 | : = 46 sidd
IH-NCO i b1 43 11 }DSBS
1 1 11— < 33
DSBs ! ! 1o
1 1 N 1NN — 1 <3'0
(o3 02.53'54 ° 67 8 1024(h)
Double-Holliday Junction Single-End Invasion
O 1.8 dHJs <92
1S-dHJ '
‘FT/‘ | E—
— O 102 SEIs/ jar = <76
IH-dHJ F
l —— >
—:D'— 8.6 =3 X/ <6.9
IS-dHJ kb ——> qst 2nd —
D X <7.3
kb

- - IH-COs
SIESSECS,
0 35 5 7 102(h)

25 4 6 8

Figure 1. Physical analysis of meiotic recombination. (A) Physical map of the HIS4LEU?2 hotspot showing diagnostic restriction sites and the position of
the probe. Fragments diagnostic for recombinant intermediates digested with Xhol or Xhol + NgoMIV and position of ‘Probe A’ are shown. N, NFSI;
R, RRP7; S, STE50. Mom, mom species; Dad, dad species; IH-CO, interhomolog-crossover; IH-NCO, interhomolog-noncrossover; DSBs, double-strand
breaks. (B) One-dimensional (1D) gel analysis showing wild-type (WT) double-strand breaks (DSBs) and crossover (CO) species. Mom, mom species;
Dad, dad species; JMs, joint molecules. (C) Two-dimensional (2D) gel analysis of JM species. SEI, single end invasion; IS-dHJ, intersister double-Holliday
Junction; IH-dHJ, interhomolog double-Holliday Junction. (D) IH-CO and IH-NCO fragments representing each set of recombinants in the WT strain.

allele of RECS, rec8N, which is known to severely reduce
or eliminate Rec8 cleavage (19). The recSN allele comprises
three mutations (E428R, R431E and R453E). A strain car-
rying this allele is completely blocked for occurrence of the
meiotic divisions due to lack of separase-mediated cleavage
of Rec8 (Figure 2, Supplementary Figure S2) (19). Analy-
sis of recombination in the rec8N background revealed no
detectable change in recombination. The rec8 N mutant ef-
ficiently formed recombination intermediates at quantities
similar to wild-type, with a normal IH:IS dHJ ratio of ~5:1,
and with timely turnover of intermediates into meiotic re-
combination products that occurred at normal levels (Fig-
ure 2, Supplementary Figure S2). We conclude that meiotic
recombination progresses normally, independently of Rec8
cleavage.

Analysis of SC formation in a rec§N mutant further re-
veals no obvious difference from wild-type meiosis, with
well-formed SCs appearing prominently at the appropriate

time (19). These findings confirm that chromosome axes as-
semble, and SCs form, independent of Rec8 cleavage.

rec8 phospho-mutants exhibit a ‘separation of function’ phe-
notype: normal DSB formation and normal NCO formation
plus a specific constellation of CO-related defects

Our previous analyses have characterized in detail the na-
ture of meiotic recombination in a rec8A null mutant (4).
We have now analogously analyzed recombination in three
rec8 mutants, rec8-6A4, rec8-24A4 and rec8-29A4. In these
three alleles, the indicated number of multiple phosphory-
lation sites have been mutated so that they encode alanine
rather than the original amino acid, with concomitant re-
ductions in phosphorylation (3,12). For this study, we have
confirmed that phosphorylation is strongly reduced in recS-
294, although a low level of residual phosphorylation can
still be detected (Supplementary Figure S1B). For conve-
nience, we refer to these alleles as rec8 ‘phospho-mutations’.
Detailed analysis reveals a common, specific constellation
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See also Supplementary Figure S2. Time points are 0, 2.5, 3.5, 4, 5, 6, 7, 8, 10 and 24 h. (B) Quantitative analysis of DSBs, total COs and nuclear divisions
during meiosis (mean + SEM for three cultures). (C) Representative 2D gel images for WT and rec8N. (D) Quantitative analysis of SEIs and dHJs (mean

+ SEM for three cultures).

of defects in the three mutants that comprise a subset of
those conferred by rec8A, thus defining a ‘separation of
function” phenotype. This phenotype pertains specifically
to events related to CO formation. Interestingly, also, the
severity of this phenotype increased in relation to the num-
ber of mutated residues.

rec8 phospho-mutants exhibit normal DSB formation and re-
section. Inrec8A, DSB formation is modestly reduced, as
defined by 1D gel analysis in a strain background (rad505S)
where DSBs accumulate rather than turning over to later
forms (4). In the present study, WT, rec8-64 and rec8-29A
yeast strains both exhibited similar levels of DSBs at four
loci as assayed in a rad50S background (Figure 3A, Supple-
mentary Figure S3). In contrast, the rad50S rec8 A mutant,
analyzed in parallel, exhibited a reduction of DSB levels,
e.g. by ~20% compared to the other rad50S strains at the
HIS4LEU2 hotspot (Figure 3A, Supplementary Figure S3).
The rec8-244 mutant was not examined by rad50S analysis
but likely also exhibits normal DSB levels as inferred from
standard time course analysis.

Ina WT (RADS50) setting, DSB ends are resected at their
5" termini, with >90% of DSBs being resected by >500 nu-
cleotides (4,38). In 2D gels, DSBs are detected as a down-

formation of COs.

ward diagonal spike due to decreased molecular weight plus
accelerated mobility of ssDNA-containing species in the
second dimension (Figure 3B). The absence of Rec8 con-
fers a DSB hyper-resection phenotype, detected as some-
what elongated signals as compared with those of the WT
(4; Figure 3B). However, all three Rec8 phosphorylation-
defective strains exhibit the behavior of the WT strain in re-
spect to DSB resection (Figure 3B, Supplementary Figure
S4).

rec8 phospho-mutants normal NCO formation but reduced
In WT cells, the final levels of diagnos-
tic IH-CO and TH-NCO species were ~4.1% and ~3.7%,
respectively, with IH-NCOs appearing slightly earlier than
IH-COs. By comparison, the recS8A strain shows reduced
formation of both types of products; however, CO levels are
differentially reduced as compared to NCOs (Figure 3D).
All three phospho-mutant strains exhibit overall levels of
IH-NCO products that are relatively similar to those ob-
served for WT strains and a significant defect in CO for-
mation: the levels of IH-CO products were progressively re-
duced in the three cases, to 86%, 79% and 60% of the WT
level in rec8-6 A, rec8-24A and rec8-29A, respectively (Fig-
ure 3D, Supplementary Figure S4). As a result of these ef-
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Figure 3. Analysis of meiotic recombination in rec§ phospho-mutant strains. (A) Analysis of DSB formation in rad50S strains. (Left) 1D gel analysis
of rad50S DSBs. (Right) Quantification of DSB levels in the left gel analysis. (B) 2D-gel analysis of DSB resection in WT and indicated single mutants.
Tllustration shows DSB resection of 5'-termini to generate 3'-single-strand DNA tail. (C) Representative 2D gel images for WT and mutant strains. (D)
Quantitative analysis of DSBs, SEIs, dHJs, IH-COs and IH-NCOs from meiotic time courses (mean = SEM for three cultures). ‘%6 DNA’ in Y-axis of
the plot indicates the percentage of total hybridizing signals. (E) Ratio of IH/IS dHJ over time plotted as percentage maximum level (mean + SEM for
three cultures). (F) Timing and kinetics of recombination events in each of the strains. Relative timing of DSBs, SEIs, dHJs, IH-COs and IH-NCOs were
analyzed as described (4,30). The lifespan of each recombination event was measured by the timing of the length, beginning and end of recombinant
DNA formation. IH-CO and IH-NCO products are marked by black and blank circles, respectively, to denote their appearance and disappearance in
approximately 50% of cells. (G) Representative images showing Zip3 foci and Zip1 array of spread chromosome in each indicated strains immunostained
for Zip3-13myc and Zipl. (H) Quantification of the number of Zip3 foci in WT (sampled at 5 h), Rec8-phospho mutants (sampled at 6 h for rec8-64 and
at 7 h for rec8-294) and rec8 A (sampled at 7 h). Scatter plots show the number of Zip3 foci at pachytene chromosomes (mean + SD, n = 100-150 nuclei).
Each symbol indicates a numerical value for individual nuclei.
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fects, the CO:NCO ratio was reduced from 1.11:1 in WT to
0.93:1, 0.75:1, 0.57:1 and 0.42:1 in the three rec8 phospho-
mutants and rec§ A, respectively (Supplementary Table S2).
We have also confirmed that effects on CO formation are
not specific to the HIS4LEU2 hot spot: rec§8 phospho-
mutants rec8-6 4 and rec§-29A exhibit delayed and reduced
formation of CO products at the ARG4 DSB hot spot re-
gion on chromosome VIII (Supplementary Figure S5).

rec8 phospho-mutants exhibit defective homolog bias. 1In
WT cells, dHJs occur peak at ~4 h and exhibit a TH:IS-
dH]J ratio of 5:1, defining the preference for use of the ho-
molog versus the sister during CO formation (Figure 3C-
E). Previous analysis has shown that the rec§A mutant is
defective in maintenance of homolog bias. In the absence
of Rec8, homolog bias is established relatively normally (as
implied by relatively efficient IH-NCO formation); however,
along the CO branch of the pathway, this bias is lost, re-
sulting in a 1:1 IH:IS dHJ ratio (4) (Figure 3C-E). This 1:1
ratio is also observed in other types of mutants and is in-
terpreted to be specifically diagnostic of a defect in main-
tenance of homolog bias at the SEI-to-dHJ transition (4).
Moreover, for rec8A, this defect can explain much of the
differential reduction of CO levels relative to NCO levels
as seen in rec8A, due to the fact that many CO-fated inter-
homolog interactions are diverted to an inter-sister fate (4).
The rec8-6 A, rec8-244 and rec8-294 mutants exhibit pro-
gressively decreasing TH:IS dHJ ratios of 4.4:1 and 4.1:1
and 2.5:1, which thus approach but do not reach the 1:1
ratio observed in rec§A (Figure 3E, Supplementary Figure
S5, Table S2). Since the three mutants exhibit normal NCO
formation and a progressively increasing differential reduc-
tion in CO:NCO ratio, an plausible interpretation is that the
three rec8 phospho-mutants confer progressively increasing
defects in maintenance of homolog bias.

rec8 phospho-mutants exhibit reduced formation of CO-
correlated Zip3 foci. The SUMO E3 ligase Zip3 is a com-
ponent of the ZMM complex that specific implements for-
mation of COs (versus NCOs) and nucleates synapsis initi-
ation. Zip3 localizes to prominent foci that correspond to
the sites of progressing CO-fated recombinational interac-
tions (39). These foci are cleanly detected at mid-pachytene
(39-42), approximately the time of the SEI-to-dHJ transi-
tion when homolog bias is lost in rec§ A. We have analyzed
Zip3 foci in rec8 phospho-mutants and rec8 A with a strain
expressing a Myc tag inserted at the C-terminus of Zip3.
The number of Zip3-Myc foci observed in WT cells was
59.4 £ 8.21 and was progressively reduced to 48.4 + 6.44
and 39.3 4 5.02 in rec8-6 A and rec8-29 A4, respectively, with
no Zip3 foci detected in the rec8A mutant (Figure 3G and
H). These data provide another indication that events along
the meiotic CO recombination pathway are defective in rec8
phospho-mutants, with progressive severity in relation to
the number of mutations.

rec8 phospho-mutants exhibit delayed progression along the
CO pathway. In WT cells, DSBs, SEIs and dHJs appear
and disappear sequentially during meiosis (Figure 3C and
D). In rec8 A, progression through these stages is signifi-
cantly delayed. This is shown qualitatively by prolonged
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Figure 4. Chromosome analysis of WT, rec8-6A4 and rec8-294 cells im-
munostained for Rec8 and Zipl. (A) Chromosome spreads of meiotic cells
immunostained for Rec8-3HA and Zipl. Representative images of spread
nuclei immunostained for Rec8-3HA in green and Zip1 in red. Nuclei were
immunostained with anti-HA (for Rec8-3HA) and anti-Zip1 at pachytene
in spread chromosomes. Zip1-full, Zip1 full assembly; Zip1-PC, Zip1 poly-
complex. Arrowhead indicates a Zipl-PC. (B) Chromosome spreads of
meiotic cells immunostained for Rec8-3HA. Nuclear spreads were cate-
gorized to four classes: Category I, no staining; Category 11, modest num-
bers of foci; Category III: larger numbers of foci with a clear tendency for
linear arrays; Category IV: strongly staining lines. Category 111 appears af-
ter DSB formation and Category IV appears contemporaneously with SC
formation in advance of CO formation, analyzed in the previous study (4).
(C) Quantification of appearance and disappearance for Rec8-3HA stain-
ing category in (B) over time in meiosis. The formation of Zip1-PC is also
quantified. Over 150 nuclei were analyzed for each time point.

presence of all three species (Figure 3C and D) and quan-
titatively by ‘lifespan analysis’ (Figure 3F). The three rec8
phospho-mutants exhibit analogous delays, with the rec§-
6A, rec8-24A and rec8-294 mutants exhibiting progressively
stronger delays which, in rec8-29A4, approach that observed
in rec8A.

rec8 phospho-mutant strains exhibit normal axis formation
but defective SC formation

Prophase axes, and thus SCs, are undetectable in a rec8A
mutant (4,5). We have now characterized meiotic chromo-
some axis morphogenesis in rec§ phospho-mutant cells as
compared to WT (Figure 4A and B). Surface spread nuclei
were scored for detectable Rec8 signals according to four
categories as defined previously (4): category I (no Rec8
staining), category Il (modest numbers of foci), category
III (larger numbers of foci with a clear tendency for forming
linear arrays, leptotene/zygotene) and category IV (strongly
staining lines, zygotene/pachytene) (4; Figure 4B). In both
WT and rec8 phospho-mutants, nuclei staining positive for
Rec8 progressively disappeared (category I) or appeared
(category II-1V), implying that the phospho-mutations do
not abrogate Rec8 loading onto chromosomes. rec§8-6 4 cells
exhibit no significant defect in the temporal progression of
Rec8 staining. In contrast, rec§-294 cells exhibit a defect in
SC formation at leptotene/zygotene, by two criteria. First,
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rec8-6 A and rec8-29A cells exhibit an elevation in the level
of SC-related polycomplexes, aberrant assemblies that are
diagnostic of delayed or defective installation of SC along
the chromosomes. Second, rec8-29A4 cells progressed from
category I to III at a normal rate and then exhibit a signifi-
cant delay in the progression specifically at this stage, as seen
by delayed progression from category III to category IV as
compared to WT cells (Figure 4). Additionally the rec8-294
mutant exhibits decreased numbers of fully synapsed chro-
mosomes, and a dramatically elevated frequency of Zipl
polycomplex (PC) formation, implying a severe defect in SC
installation at leptotene/zygotene (Figure 4C).

These structural defects of rec8 phospho-mutants corre-
spond to, and further extend, the ‘separation of function’
phenotype defined by analysis of DNA events. DSBs occur
in the context of developing prophase chromosome axes.
Both of these aspects are defective in rec§A and normal
in the rec8 phopho-mutants. Thereafter, SC formation and
CO-designation are concomitant events and are position-
ally and functionally linked. SC specifically nucleated at CO
sites (43,44) and SC nucleation and the first steps of CO-
formation (formation of SEIs) are coordinately mediated by
a common set of functions, i.e. the ZMMs, with CO recom-
bination proceeding in SC-associated complexes. rec8 phos-
phomutants are significantly defective in SC formation as
well as CO-related SC-localized events of recombination.

We further find that rec§ phospho-mutants exhibit a re-
duction in the frequency of viable spores (Supplementary
Figure S6), in accord with diverse defects in recombination
and chromosome morphogenesis during prophase and en-
suing delays and defects in the meiotic divisions.

Premature induction of separase confers a rec8 A null pheno-
type for chromosomal and DNA events

Evidence presented above suggests that cleavage of Rec8
plays no detectable role in meiotic recombination. How-
ever, Rec8 is phosphorylated during prophase, and phos-
phorylation is required for separase-mediated cleavage dur-
ing the meiotic divisions. We were therefore interested to
confirm that Rec8 remains susceptible to cleavage during
prophase. Such susceptibility has been shown in a mutant
condition where the APC/C is prematurely activated (45)
but has never been examined in an otherwise WT strain
background. For this purpose, we constructed a copper-
inducible allele of espl by replacing the native ESPI pro-
moter with the CUPI promoter, which is repressed in the
absence of CuSO4 and can be specifically induced by ad-
dition of CuSOy (Figure 5, Supplementary Figures S7 and
S8). We then analyzed events of interest in the Poyp;-ESPI
strain both without CuSO, addition and after the addition
of CuSQ, to synchronous meiotic cultures at appropriate
time points.

In the absence of Espl induction, Rec8 cleavage was un-
detectable throughout the period of meiosis corresponding
to stages through and well beyond prophase. Furthermore,
sister separation at the time of the two divisions was sub-
stantially reduced and, correspondingly, occurrence of the
first meiotic division was strongly delayed (Figure SA-C,
Supplementary Figure S8).

In contrast, when expression of Espl activated at early
prophase I (t = 2 h) the level of full-length Rec8 pro-
teins began to decline and Rec8 cleavage products accumu-
lated rapidly (Supplementary Figure S8). This same effect
was observed in an otherwise WT strain background and
also in an ndt80 A background where meiosis arrests at the
late prophase stage of pachytene, confirming that the ob-
served effects are occurring before exit from this stage, as
expected. Moreover, in this regime, sister chromatid sepa-
ration increases immediately upon induction, rather than
after prophase as in the normal case; Rec8 association with
prophase chromosomes is dramatically reduced to nearly
undetectable level; and prophase axis and SC formation is
severely compromised (Figure SB—-G). These findings imply
that Rec8 is susceptible to Espl-mediated cleavage during
early/mid-meiotic prophase. By implication: (i) prophase
phosphorylation is sufficient to enable efficient cleavage;
and (ii) absence of detectable Rec8 cleavage during prophase
in WT meiosis is due to absence of separase, not to insensi-
tivity of prophase Rec8 to cleavage.

Recombination phenotypes of Pcypi-ESPI cells were
also defined physical analysis in the presence or absence of
CuSOq (Figure 5). In the absence of CuSOj,, meiotic recom-
bination proceeded exactly as in a WT strain: DSBs occur
at ~2 h; SEI and dHJ intermediates subsequently formed
at normal levels, and recombination products appear with
the same timing and levels as in WT (Figure 6). These
findings provide a second line of evidence that separase-
mediated cleavage of Rec8 is not involved in meiotic re-
combination. In contrast, when Espl was expressed at t =
2 h, when DSB formation is still in progress in most cells,
dramatic effects were observed, with the observed recombi-
nation phenotypes perfectly resembling those observed in
a compete rec8A null mutant described above, including
hyper-resection of DSBs, delayed formation and turnover
of JMs, an IH:IS dHJ ratio of ~1:1 and a reduction in both
CO and NCO products, with a disproportionate reduction
of COs versus NCOs (Figure 6).

Addition of CuSOy4 at t = 5 h, when SEIs and dHJs are
both present at high levels, conferred detectably delayed
turnover of DSBs, SEIs and dHJs (Supplementary Figure
S9). Interestingly, we also reproducibly observe an usual
‘second peak’ of DSBs, SEIs and dHJs, suggesting that this
condition enables a second round of DSB formation. This
effect can be explained by the observation that extra DSBs
occur late in meiosis in situations where SC formation is de-
fective (46), a condition that could be expected in the cur-
rent protocol. We further found that Espl expression at t
= 7 h has no detectable effect on the assayed events of re-
combination (Supplementary Figure S9). Since most or all
cells have reached the dHJ or later stages by this point, this
result provides further evidence Rec8’s critical roles for re-
combination are implemented during earlier events of the
recombination process.

Roles of protein kinases Hrr2S, Cdc7 and CdcS in meiotic
recombination

The observations presented above show that rec§ mutations
that eliminate phosphorylation confer prominent defects in
prophase, including in meiotic recombination. Moreover,
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Figure 5. Rec8 cleavage at early prophase I exhibits defects in sister chromatid cohesion and synaptonemal complex formation. (A) Experimental regimen
to express Espl protein during meiotic prophase 1. (B and C) Analysis of sister chromatid cohesion. Strains carrying LacO array at chromosome XV
and expressing Lac repressor conjugated with green fluorescence protein were analyzed for sister association in fixed whole cells (the diagram showing
the location of Lac operator array at chromosome XV in B). Single culture was synchronized and divided into two SPM cultures; then Espl expression
was induced by addition of 50 wuM CuSOy at 2 h (red arrow) in one of the two cultures. One focus indicates unreplicated chromatid or unseparated sister
chromatids. Two foci indicate replicated and separated sister chromatids. (D) Espl overexpression in the early stages of meiotic prophase I defects in
SC formation and Rec8 assembly onto chromosomes. Nuclei were immunostained with anti-HA (for Rec8-3HA) and anti-Zip1 in spread chromosomes.
Representative images showing spread nuclei immunostained for Rec8-3HA and Zipl according to four categories (category I, no signals; category II,
modest number of foci; category 11, large number of foci with fuzzy pattern; category 1V, fully assembled lines). (E) Chromosome spreads were analyzed
for the percentage of cells in Zipl and Rec8 staining in Pc,,;-ESPI strain in the presence or absence of CuSOy, according to the categories as shown in
(D) (mean =& SD, n = 150-200 nuclei). (F) Representative images showing the formation of Zip1-polycomplex (PC) in P¢,,;-ESPI strain in the presence
or absence of CuSQO4. White arrowheads indicate Zip1-PCs. (G) Quantitative analysis showing the percentages of Zip1-PCs shown in (F) (mean £ SD, n
= 150-200 nuclei).
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2.5,3.5,4,5,6,7,8, 10 and 24 h. (B) Representative Southern blot images of 2D gel analysis and quantification of JM levels. (C) Analysis of IH-CO and

IH-NCO.

the strengths of the defects increases in relation to the num-
ber of mutated sites. These phenomena support notion that
the mutant phenotypes do, in fact, result from a paucity of
phosphorylation, as has been prominently assumed in pre-
vious studies of such mutants (3,12). To further investigate
this possibility, we asked whether the appropriate diagnos-
tic recombination defects observed in phospho-mutants are
also conferred by direct elimination of any of the three ki-
nases known to mediate Rec8 phosphorylation.

Cdc7, but not Hrr25, might mediate Rec8 phosphorylation
for recombination. Hrr25 and DDK, together, account for
Rec8 phosphorylation at early/mid-prophase (9). We thus
first investigated whether/how inactivation of the Hrr25
and/or DDK kinases affects meiotic prophase recombina-
tion. We constructed hrr25-as and cdc7-as3 alleles which
render the corresponding kinase activities sensitive to chem-
ical inhibitors (9,47). We then analyzed hrr25-as, cdc7-as3
and hrr25-as cdc7-as3 double mutant strains to determine
the effects of inhibitor addition at appropriate times in
meiosis (Figure 7, Supplementary Figure S10).

Since Rec8 is phosphorylated from pre-meiotic S phase
onward, we first explored the effects of adding inhibitor at 2
h. In accord with known early roles of Cdc7/Dbf4, cdc7-as3
cells exhibited no detectable DSBs or COs and meiotic pro-
gression through the two divisions was completely blocked
(Figure 7A and B, Supplementary Figure S10). Flow cy-

tometry profiles of cdc7-as3 also showed that inactivation
of Cdc7 induced a pre-meiotic S phase delay (Supplemen-
tary Figure S10). Given the early role of Cdc7 revealed by
these studies, we appreciated that detection of a specific ef-
fect of kinase inhibition on post-DSB stages of recombina-
tion defective in rec§ phospho-mutants would require ad-
dition of inhibitor at a later time point, after execution of
early Cdc7 functions. We therefore next examined recom-
bination in a cdc7-as3 single mutant strain, in the absence
of inhibitor or upon addition of inhibitoratt=3,4or5h
(Figure 7C and D). In the absence of inhibitor, DSBs and
COs appear and disappear normally (Figure 7C and D).
In contrast, addition of inhibitor at the three time points
permits progressively higher levels of DSB formation and
corresponding progressively higher levels of CO products
and, analogously NCO products (Figure 7C, D and G), im-
plying progressively reduced effects as more and more cells
progress past critical Cdc7-dependent step(s). These pat-
terns suggest specifically that inactivation of Cdc7 blocks
DSB formation but that already-present DSBs can progress
relatively efficiently to mature products. There also is no ob-
vious delay in DSB turnover or the time of appearance of
products. Interestingly, however, there is a decrease in the
CO:NCO ratio to 0.78, a value that is lower than the value
of ~1.11 observed in wild type and in the same strain in the
absence of inhibitor.

220z 1snbny Lz uo 1senb Aq 20¥8912/9626/6L/t1/8101B/IeU/WOo dNo-olWwepeoe//:sdjly Wolj pspeojumoq



Nucleic Acids Research, 2016, Vol. 44, No. 19 9307

B
hrr25-as cdc7-as3 20 hrr25-as  cdc7-as3
- inhibitor __ + inhibitor - inhibitor + inhibitor <15 DSBs ! | |DSBs i
& 10 5 ]
X 5 ! f\\l
1 4 [
0 i /4
il 20155 'l Jco ]
ki ' S !
it | $ 157 ] i
il :l“ii' 8 10 : !
' =2 : :

time (h)oo 4 812240 4 8 12724
—&- - inhibitor ~&- + inhibitor

C cdc7-as3 D
noinhibitor +INat3h  +INat4h +INat5h —&—no inhibitor —&—+ IN at4 h
e +INat3h e +INat5h
25
SessssizEr Sesssssses $eSeEEReed sscccnsene <20 ;
Sessssiiii sssssccses seeectiert sesccsisis %18 ;
! ® H
p 5 '
r’I : 0 il I
0 4 812240 4 8 12 24
- > > > Time in SPM (h)
time
E
hrr25-as cdc7-as3 F
noinhibitor +INat3h  +INat4h +INat5h —&—no inhibitor —a—+ IN at 4 h
—a—+[Nat3h —8+INat5h
sesestrens *ese sesevsEsEe cesecpsper COs !
e !
£8 N O j!
0 4 812240 4 8 12 24
- » > > Time in SPM (h)
time
G g cdc7-as3 8 hrr25-as cdc7-as3
M IH-COs B IH-COs
<8 O IH-NCOs 6 [ IH-NCOs
P g
o4 a4
R R
2 2
0 0
NN A
TRt g\
A\ A\

Figure 7. Meiotic recombination in the absence of kinase activity of Hrr25 and Cdc7. (A) 1D Southern blot analysis of meiotic recombination in hrr25-as
and cdc7-as3 strain. (B) Quantification of DSB and CO species in the presence or absence of chemical inhibitor. (C) 1D Southern blot analysis of meiotic
recombination in cdc7-as3 mutant. (D) Quantification of DSB and CO species in the presence or absence of chemical inhibitor. (E) 1D Southern blot
analysis of meiotic recombination in Arr25-as cdc7-as3 double mutant. (F) Quantification of DSB and CO species in the presence or absence of chemical
inhibitor. (G) Quantification of IH-CO and IH-NCO in cdc7-as3 and hrr25-as cdc7-as3 strains. See also Supplementary Figure S10C.
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In contrast to these results, addition of inhibitor to Arr25-
as cells at 2 h had no effect on DSB or CO levels, which
occurred normally as seen in untreated cells, although the
meiotic cell cycle progression was defective (Figure 7A and
B, Supplementary Figure S10A and S10B). Furthermore,
an hrr25-as cdc7-as3 double mutant exhibits the same phe-
notype as the cdc7-as3 single mutant, including a reduced
CO:NCO ratio of 0.67, regardless of the time of inhibitor
addition (Figure 7C-G, Supplementary Figure S10C, Table
S2).

The resulting phenotype of recombination observed
in cdc7-as3 with late inhibitor addition corresponds to
that observed in the rec§ phospho-mutants: the observed
CO:NCO ratios (0.78 and 0.67) are very similar to that ob-
served in rec8-24A and rec8-294 mutants (0.84 and 0.58,
respectively). However, we have not yet determined whether
the Cdc7 role is eliminated by rec8 phospho-mutations, as
expected in such a case. In contrast, phosphorylation of
Rec8 by Hrr25 plays is not relevant to the prophase roles
of Rec8 for recombination.

CdcS-mediated phosphorylation is not required for normal
( Rec8-mediated) homolog bias. We also probed for any
possible role of Cdc5-dependent Rec8 phosphorylation in
recombination. Previous work has shown that when meio-
sis is arrested at mid-pachytene in an ndr80A mutant, dHJs
tend to accumulate and CO formation is defective while
NCO formation proceeds to completion. Starting from this
condition, forced expression of Cdc5 provokes disassembly
of pachytene chromosome structure, disappearance of dHJs
and appearance of CO products (27). These effects are not
altered in a rec8 phospho-mutant, suggesting that RecS§ is
not the target for these later effects (27). Nonetheless, we
were interested to examine this sequence of events in more
detail. We were interested to know, e.g. whether the dHJs
that accumulate in the absence of Cdc5 are normal or are
defective for homolog bias (as expected if CdcS-mediated
phosphorylation of Rec8 at an earlier stage were required
for homolog bias maintenance).

For this purpose, we used strains in which the CDC5 pro-
moter was replaced with the CUPI promoter. In the absence
of CuSOy, Pcypi-CDCS5 ndt80A cells exhibited pachytene
arrest, and the total levels of JMs accumulated to high lev-
els, as in previously studied Cdc5-depleted conditions. We
observe strong accumulation of SEIs, as well as of dHJs, to
~T7% and ~6.2% of total DNA, respectively (Supplemen-
tary Figure S11). However, the IH:IS dHJ ratio observed
in arrested cells is ~5.65:1, essentially the same as that ob-
served in WT (~5.5:1). These findings imply that Cdc5 is
not required for establishment or maintenance of homolog
bias and thus cannot be not required for any potential role
of Rec8 in the latter process.

We further find that, as in previous studies (above), upon
Cdc5 induction in arrested cells, at t = 7 h after initiation of
meiosis, all JMs were efficiently resolved to IH-COs and re-
combination products very rapidly reached plateaus levels,
with WT levels of COs (Supplementary Figure S11; 4.71%
in COs). This pattern suggests that, prior to Cdc5 induc-
tion, a normal number of DSBs have been committed to the
CO fate, further implying normal establishment and main-
tenance homolog bias. We note, however, that the level of

NCOs rises to a higher than normal levels. While the basis
for this effect is not known, it does not match the effects ob-
served in rec8 mutants and thus is unlikely to be related to
a role of Cdc5 in Rec8 phosphorylation.

Taken together, these findings support the view that, as
expected from previous work, CdcS-mediated phosphory-
lation of Rec8 does not play a role for homolog bias during
meiotic CO recombination.

Rec8 is required for robust homolog bias in the absence of
ZMM functions Zip1 and Zip3

ZMM proteins mediate progression of CO-fated recombi-
nation intermediates and nucleation of SC formation (29).
Since Rec8 also plays significant roles in CO recombination
and SC formation, it was of interest to understand the de-
pendencies between the two sets of functions, in particular
with respect to recombination. Such analysis is made pos-
sible by the rec8 phospho-mutants that form axes and are
then specifically defective in SC formation. For this pur-
pose, we carried out DNA analyses in rec8-29A4 zmm double
mutants, in comparison with single mutants. Experiments
were performed at 33°C, a temperature at which CO recom-
bination is most tightly controlled (Figure 8, See also 4,29).

Analysis of zipl A and zip3 A mutants confirms previous
findings that TH-NCOs form normally, while the forma-
tion of CO-specific post-DSB recombination intermediates
is specifically and severely abrogated (29) (Figure 8, Supple-
mentary Figure S12). 2D-gel analysis of meiotic recombina-
tion events further shows, however, that a significant num-
ber of SEIs and dHJs can be detected (Figure 8A and B).
This is likely because as very small subset of DSBs progress
to these stages and then remain there for a very long time
(29). Zip1-deleted and Zip3-deleted cells exhibited modestly
lower levels of homolog bias than WT (IH:IS dHJ ratios of
~4:1 and 2.5:1 in each mutant respectively versus ~5.5:1 in
WT; Figure 8C).

Analysis of zipl A rec8-29A4 and zip3 A rec§8-29A4 double
mutants reveals that this rec8 phospho-mutant still confers
important defects even in the absence of ZMM functions
(Figures 3 and 8). The presence of rec8-294 significantly re-
duces IH-COs and IH-NCOs in both the zip/ A and zip3 A
backgrounds (Supplementary Figure S12) and also reduces
dH]J ratios to ~2.22:1 in zipl A rec8-29A4 (Student’s t-test, P
<0.0148) and ~1.32:1 in zip3 A rec8-29 4 (Student’s t-test, P
< 0.0102) (Figure 8C). These values are similar to, or lower
than, the TH:IS dHJ ratio in the rec8-294 single mutant,
(2.5:1). These results suggest that, the function(s) abrogated
by rec8-29A is(are) distinct from the role(s) of ZMM pro-
teins Zip1 and Zip3.

Absence of Mek1 ameliorates delayed recombination in the
rec8-294 mutant

Mekl is required for setting up a meiosis-specific recombi-
nation ensemble (8). In the absence of Mek1, homolog bias
is not established and meiosis-specific recombination fails
(4,8,48,49). It could be expected that this early and primary
role would be upstream of the roles of Rec8 affected by rec8
phospho-mutations that involve later steps. To ask if this
is true, we utilized a meklas strain, which encodes a mu-
tant Mek1 kinase protein in which ATP-binding, and thus
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Figure 8. Effects of rec§ phospho-mutant alleles on JM formation and homolog bias in zip/ A and zip3 A. For analysis at 33°C, meiotic cultures were
maintained at 30°C and then shifted to 33°C after 2.5 h growth in SPM. (A) Representative 2D-gel images of JMs in various strains. (B) Quantification of
DSBs, SEIs, dHJs and COs in WT, rec§8-294, zipl A, zipl A rec8-29A4, zip3 A and zip3 A rec§-29A4 (mean = SEM for three cultures). (C) IH:IS dHJ ratio in
WT, rec8-29A4, zipl A, zipl A rec8-29A, zip3 A and zip3 A rec8-29A (mean + SEM for three cultures).

kinase activity, can be inhibited using the compound 1-NA-
PP1 (4,8,48,49). Hereafter, the designations ‘meklas(+IN)’
and ‘meklas(-IN )’ signify meklas strains grown in the pres-
ence and absence of 1-NA-PPI, respectively.

Our previous study shows that meiotic recombination in
meklas(-IN) exhibits the same pattern as was observed in
WT cells (4) and that addition of inhibitor at the time of
meiotic DNA replication stage, and thus prior to assembly
of recombination complexes and initiation of recombina-
tion, results in a rapid progression of meiotic recombina-
tion. Moreover, recombination tends to exhibit strong sis-

ter bias and a resultant paucity of IH-COs and TH-NCOs
(4). We have also previously shown that Mek1 kinase inac-
tivation relieves all of the recombination timing observed
in a rec8A mutant (4,8). We further confirmed this finding
in the present study, showing alleviation of delay even at a
low temperature, not previously examined (Supplementary
Figure S13).

We next asked whether Mek! kinase inactivation could
overcome either the timing delays and/or the residual
homolog bias observed rec§ phospho-mutant strains. We
therefore examined recombination after inactivating Mek|
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kinase at various time points during meiosis in the rec§A
meklas, rec8-294 meklas and rec8-6A meklas strains in
parallel analyses (Figure 9 and Supplementary Figures S14
and S15). In the rec8A meklas(-IN) mutant, the progres-
sion of recombination was delayed compared to that in the
meklas(-IN) strain (Figure 9). In the absence of Mek1 ac-
tivity, the rec8 A strain exhibited accelerated DSB turnover
and JM formation (4). These results were obtained regard-
less of whether the inhibitor was added at 3 h, 5 h or 7
h (Figure 9B and C). All DSBs and recombination inter-
mediates in the rec8 A meklas strain were immediately pro-
cessed upon elimination of Mek1 kinase activity (Figure 9B
and C; Supplementary Figure S14 and S15). Thus, in rec§A
meklas(+IN ), the dramatic delays in progression detected
in rec8A were no longer observed: DSBs, SEIs and dHJs
progressed rapidly and both TH-COs and TH-NCOs ap-
peared (Figure 9B and C; Supplementary Figures S14 and
S15). The rec8-294 meklas and rec8-6 A meklas mutants
also exhibited rapid turnover of DSBs, SEIs and dHJs, with
very prompt formation of IH-COs and IH-NCOs as soon as
Mek1 kinase was inactivated, as also observed for the rec§ A
mutant (Figure 9D and E; Supplementary Figures S14—
S16). These results suggest that the regulation of meiotic
progression via Mek1 is independent of Rec8 in general and
Rec8 phospho-mutant functions in particular. Conversely,
the defects associated with rec8 phospho-mutants are lim-
ited to normal IH-directed recombination, as the IS-biased
recombination observed upon Mek1 inactivation proceeds
efficiently in those mutants.

DISCUSSION

The presented results provide four new pieces of informa-
tion regarding the roles of meiotic cohesin subunit Rec8 for
prophase recombination and structure.

Rec8 prophase roles do not involve cleavage by separase

No detectable change meiotic recombination is observed in
a rec8 N mutant where Rec8 is resistant to phosphorylation-
dependent separase-mediated cleavage. Moreover, Rec8 re-
mains fully sensitive to separase during prophase, as shown
here by the effects of artificial Espl induction. Thus, if Rec8
phosphorylation plays a role for meiotic recombination,
that role does not involve separase-mediated cleavage.

rec8 phospho-mutations confer a ‘separation of function’ de-
fect that specifically affects CO-related events

Recombination-initiating DSBs occur in axis-associated re-
combination complexes and are significantly dependent on
the presence of several axis components. Correspondingly,
aberrant DSB formation/resection in rec8A is attributable
to the fact that absence of Rec8 also results in a complete ab-
sence of detectable chromosome axes. The results presented
here further demonstrate that three non-null rec§ alleles car-
rying mutations in multiple phosphorylation sites exhibit
normal axis formation and normal DSB formation, further
documenting the link between these two processes.

All analyzed rec8 phospho-mutant alleles exhibit four de-
fects specifically related CO recombination: (i) normal for-
mation of inter-homolog NCOs but defective formation of

COs; (ii) defective homolog bias during CO recombination,
presumably due to defective bias maintenance; (iii) delayed
progression from one stage to another along the CO path-
way; and (iv) defective SC formation. The first three pheno-
types correspond to a subset of the defects described pre-
viously for rec8A (4). SC formation in rec§A could not
be specifically analyzed due to the prior defect in axis for-
mation. Thus, the rec8 phospho-mutations comprise ‘sep-
aration of function’ alleles that define a specific constella-
tion of sub-functions of Rec§ related to CO formation. At
least two of these effects are implemented at mid-prophase.
SC formation and SEI formation occur at zygotene/early
pachytene and Rec8’s maintenance of homolog bias func-
tion comes into play at the SEI-to-dHJ transition, which
occurs at early/mid- pachytene. For rec§ A, and potentially
for the phospho-alleles, homolog bias defects can largely ac-
count for the deficit of COs; however, modest defect(s) at
later stages of CO formation are not totally excluded, either
as downstream consequences of earlier defects and/or due
to later Rec8 roles.

Strikingly, the three rec§ phospho-alleles exhibit pro-
gressively severe defects in all four of affected processes,
in correlation with the number of mutated phosphoryla-
tion sites, from very modest defects in rec§-6 4 to a nearly
complete rec8A phenotype in rec§-29A4. These mutations
were created specifically to abrogate phosphorylation at the
indicated number of positions. Indeed, the rec§-244 mu-
tant has been shown to completely block phosphorylation-
dependent cleavage when separase is prematurely-induced
at prophase. Moreover, it is generally considered that phos-
phorylation of multiple residues has a cumulative global ef-
fect on Rec8 function, aside from any unique roles for indi-
vidual phosphorylations at specific sites (3,12). We cannot
yet exclude the possibility that the observed phenotypes re-
flect effects of the alanine substitution mutations that are
unrelated to the absence of phosphorylation. Nonetheless,
it is tempting to think that a global effect of phosphory-
lation could underlie the rec8 phospho-mutant separation
of function role(s), as has been widely assumed in previous
studies (3,12).

DDK, but not HRR25 or Polo-like kinase, has a differen-
tial role in CO formation that is concordant with the rec§
phospho-mutant defect

At the time of rec8 CO-related defects (zygotene/early
pachytene), Rec8 phosphorylation appears to be mediated
essentially by Hrr25 and Cdc7/DDK (9). We find that
Hrr25 plays no role for meiotic recombination. In contrast,
by using timed inactivation of Cdc7, we can show that Cdc7
inactivation during mid-prophase provokes a differential re-
duction in CO recombination as compared to NCO recom-
bination. Thus Cdc7 is differentially required for CO recom-
bination versus NCO formation. This is the same type of de-
fect seen for rec8 phospho-mutants. Thus, if phosphoryla-
tion of Rec8 is indeed important for its prophase functions,
Cdc7 could be the responsible kinase. This notion can be
tested in future studies by asking whether absence of Cdc7
does or does not have an effect on recombination in rec§A
or rec8 phospho-mutants.
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Interestingly, previous studies have shown that absence of
Cdc7 reduces, but does not eliminate, phosphorylation of
Rec8 during early/mid-prophase (9), with Hrr25 responsi-
ble for the remaining level of modification. Moreover, in the
present study, the hrr25 c¢dc7 double mutant condition con-
fers the same recombination phenotype as the cdc7 single
mutant condition whereas the Arr25 single mutant condi-
tion shows no significant defect. Thus, whatever is the DDK
substrate relevant for its role in prophase recombination,
the effects of DDK and Hrr25 on that substrate are signifi-
cantly different.

Rec8 is also phosphorylated by Polo-like kinase/CdcS.
Several lines of evidence suggest that Cdc5 is unlikely to
be responsible for any putative phosphorylation-dependent
roles of Rec8 in prophase events. First, CdcS is induced later,
at early/mid-pachytene (9). Second, we show here Cdc5, is
not required for the signature role of Rec8, maintenance of
homolog bias. Third, a previous study shows that Cdc5 is
not required for normal SC formation, another signature
Rec8 role (3,27). Fourth, while Cdc5 is known to be required
for late stages of CO formation, a rec§ phospho-mutant ex-
hibited the same sensitivity to Cdc5’s effects as wild type,
implying that Rec8 is likely not the relevant target at that
stage.

Functions abrogated in rec8 phospho-mutants are down-
stream of Mek1 and independent of ZMM proteins Zip1 and
Zip3

Mekl1 activity is required for assembling the normal mei-
otic interhomolog-directed recombination ensemble. Ac-
cordingly, we find that the rec8 phospho-mutant defects, like
that those of rec8A (4), are downstream of Mek1. We fur-
ther find that the rec8 phospho-mutant defect in homolog
bias is still observed in the absence of either of two ZMM
components, Zip3 and Zip3, which play important roles in
mediating progression of CO recombination. This result is
significant because it implies that that Rec8’s role in ho-
molog bais is distinct from that of ZMM proteins. One way
of understanding this distinction is to consider that ZMM
proteins are the primary mediators of the first step of CO
formation, formation of SEIs from nascent DSB/partner
interactions (29) whereas the role of Rec8 in maintenance
of homolog bias occurs at the next step, at the transition
from SEIs to dHJs (4). Further, ZMM’s main role is to prop-
erly execute SEI formation, with loss of homolog bias as
a secondary consequence of this execution failure; in con-
trast, for Rec8, the primary role is to actively maintain ho-
molog bias during a critical ensuing transition. And finally,
the role of ZMMs for SEI formation is exerted at the lead-
ing DSB end, which makes the initial contact with a partner
duplex; the role of Rec8, in contrast, is likely mediated at the
other, lagging DSB end, which is released from the ‘donor’
axis and incorporated into the emerging CO recombination
complex at the SEI-to-dHJ transition. Rec8’s role in main-
tenance of homolog bias is exerted at this stage and acts
somehow to ensure appropriate differentiation between the
leading and lagging ends during this critical transition.

Synthesis and Speculation

The current studies provide further circumstantial evidence
in favor of the hypothesis that prophase phosphorylation
of Rec8 plays important role(s) specifically for CO forma-
tion. If this hypothesis is correct, our data further imply
that such a role(s) are independent of phosphorylation-
dependent Rec8 cleavage by separase. Phosphorylation is
known to promote separase-independent release of cohesin
from chromosomes in several situations, most notably the
prophase I/metaphase I transition of budding yeast meio-
sis (11) and the analogous prophase-to-metaphase transi-
tion in mitotically cycling mammalian cells (50). Cytologi-
cal studies show that sister cohesin/cohesion/Rec8 is specif-
ically absent at sites of chiasmata (i.e. COs) along diplotene
chromosomes, as illustrated for grasshopper and mouse
(14,51,52). Moreover, a recent study using super-resolution
microscopy in mouse meiocytes suggests that Rec8 prevents
local separation of sister chromatid axes and illegitimate
SC assembly (53,54). Studies of Sordaria prophase chro-
mosomes further show that WT chromosomes exhibit axis
splitting and loss of axis integrity specifically at CO sites
and that this tendency is exaggerated when Rec8 is absent
(14). Taken together, we propose that Rec8-cohesin load-
ing is critical for the function and shape of the chromosome
axis, which might also include dynamic adjustments of re-
combination associated axis features via the degree of local
Rec8 phosphorylation, as well as subtle, targeted modula-
tions of sister chromatid cohesion by mechanisms indepen-
dent of Rec8 cleavage. Collectively, these data indicate that
Rec8 in prophase regulates faithful homolog segregation by
guiding the outcomes of meiotic recombination.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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