Check for
updates

Exo1 recruits Cdc5 polo kinase to MutlLy to ensure
efficient meiotic crossover formation

Aurore Sanchez®?<, Céline Adam®P, Felix Rauh®, Yann Duroc®*®, Lepakshi Ranjha‘, Bérangére Lombard®®,
Xiaojing Mu"?9, Mélody Wintrebert™"®, Damarys Loew®®, Alba Guarné"®, Stefano Gnan®*, Chun-Long Chen®*®,
Scott Keeney™9i(, Petr Cejka®, Raphaél Guérois' (), Franz Klein®®, Jean-Baptiste Charbonnieri, and Valérie Borde""’

®Institut Curie, Paris Sciences et Lettres Research University, CNRS, UMR3244, 75005 Paris, France; Pparis Sorbonne Université, UMR3244, 75005 Paris, France;
“Institute for Research in Biomedicine, Faculty of Biomedical Sciences, Universita della Svizzera Italiana, 6501 Bellinzona, Switzerland; “Max F. Perutz
Laboratories, University of Vienna, 1010 Wien, Austria; ®Institut Curie, Paris Sciences et Lettres Research University, 75006 Paris, France; ‘Molecular Biology
Program, Memorial Sloan Kettering Cancer Center, New York, NY 10065; *Weill Graduate School of Medical Sciences, Cornell University, New York, NY
10065; hDepartmen‘[ of Biochemistry, Centre de Recherche en Biologie Structurale, McGill University, Montreal, QC H3A 0G4, Canada; 'Memorial Sloan
Kettering Cancer Center, Howard Hughes Medical Institute, New York, NY 10065; and ’Institute for Integrative Biology of the Cell (12BC), Commissariat a

I'Energie Atomique, CNRS, Université Paris-Sud, Université Paris-Saclay, 91190 Gif-sur-Yvette, France

Edited by Anne M. Villeneuve, Stanford University, Stanford, CA, and approved October 14, 2020 (received for review July 7, 2020)

Crossovers generated during the repair of programmed meiotic
double-strand breaks must be tightly regulated to promote accu-
rate homolog segregation without deleterious outcomes, such as
aneuploidy. The Mlh1-Mlh3 (MutLy) endonuclease complex is crit-
ical for crossover resolution, which involves mechanistically un-
clear interplay between MutLy and Exo1 and polo kinase Cdc5.
Using budding yeast to gain temporal and genetic traction on
crossover regulation, we find that MutLy constitutively interacts
with Exo1. Upon commitment to crossover repair, MutLy-Exo1 as-
sociate with recombination intermediates, followed by direct Cdc5
recruitment that triggers MutLy crossover activity. We propose
that Exo1 serves as a central coordinator in this molecular inter-
play, providing a defined order of interaction that prevents dele-
terious, premature activation of crossovers. MutLy associates at a
lower frequency near centromeres, indicating that spatial regula-
tion across chromosomal regions reduces risky crossover events.
Our data elucidate the temporal and spatial control surrounding a
constitutive, potentially harmful, nuclease. We also reveal a criti-
cal, noncatalytic role for Exo1, through noncanonical interaction
with polo kinase. These mechanisms regulating meiotic crossovers
may be conserved across species.
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M eiotic recombination provides crossovers that allow homol-
ogous chromosomes to be transiently physically attached
together and then properly segregated (1). A lack or altered dis-
tribution of meiotic crossovers is a major source of aneuploidies,
leading to sterility or disorders, such as Down syndrome, providing
strong impetus for understanding how crossovers are controlled
during meiosis. Meiotic recombination is triggered by the forma-
tion of programmed DNA double-strand breaks (DSBs), catalyzed
by Spoll together with several conserved protein partners (2).
Following Spoll removal, 5' DSB ends are resected and the 3’
ends invade a homologous template, leading to formation of
D-loop intermediates. After DNA synthesis, many of these inter-
mediates are dismantled by helicases and repaired without a
crossover (3). However, a subset is stabilized, and upon capture of
the second DSB end, mature into a double Holliday junction
(dHJ), which is almost exclusively resolved as a crossover (4, 5).
Essential to this crossover pathway are a group of proteins, called
ZMMs, which collectively stabilize and protect recombination in-
termediates from helicases (3, 6-8). The mismatch repair MutLy
(MIh1-Mlh3) heterodimer is proposed to subsequently act on
these ZMM-stabilized dHJs to resolve them into crossovers (9).
Accordingly, MutLy foci reflect the number and distribution of
crossovers on both mammalian and plant meiotic chromosomes
(reviewed in ref. 10).

In a distinct process, eukaryotic mismatch repair, a MutS-
related complex (MutSa or MutSp) recognizes a mismatch, and
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recruits a MutL-related complex to initiate repair together with
proliferating cell nuclear antigen and Exol (reviewed in ref. 11).
MutLo represents the major mismatch repair activity, which in-
volves its endonuclease activity (12, 13). The related MutLy is
instead essential to meiotic crossover, a process that remains
relatively ill-defined, although MutLy endonuclease activity is
required for crossover (9, 14-16). Despite its importance and
cross-species relevance, the mechanism of dHJ resolution and
crossover formation by MutLy remains unknown. MutLy alone
does not resolve HIJs in vitro (15-17), and may need additional
partners, meiosis-specific posttranslational modifications, and a
specific DNA substrate to promote specific nuclease activity and
hence crossover formation.

Based on recent in vitro experiments and genome-wide analysis
of meiotic recombination, it seems that rather than acting as a
canonical resolvase, MutLy may nick the DNA, which could result
in dHJ resolution and crossover formation if two closely spaced
nicks on opposite strands are made (17, 18). In vitro analyses with
recombinant proteins also suggest that MutLy may need to ex-
tensively polymerize along DNA in order to activate its DNA
cleavage activity (17).
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Meiotic crossovers are essential for the production of gametes
with balanced chromosome content. MutLy (MlIh1-MIh3) endo-
nuclease, a mismatch repair heterodimer, also functions during
meiosis to generate crossovers. Its activity requires Exo1 as well as
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meiotic chromosome segregation events to avoid untimely acti-
vation of the Mutly endonuclease once recruited to future
crossover sites.
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MutLy partners with the ZMM MutSy heterodimer (Msh4-
Msh5), proposed to first stabilize recombination intermediates
and then to work together with MutLy for crossover resolution
(reviewed in refs. 8 and 11). In addition, the exonuclease Exol
interacts in vitro with Mlh1. Previous work showed that Exol’s
ability to interact with Mlh1 is important for MutLy function in
crossover formation (19). This leaves the mechanism and role of
Exol in meiotic crossovers unclear, although broad genetic
analysis suggests a noncatalytic role given that Exol-null yeast
show reduced crossovers and reduced viable gametes, but cata-
lytic mutants of Exol do not (9, 20). Similarly, Exol-null mice
are sterile, but not Exol catalytic mutants, highlighting the
conservation of this function (21, 22). How Exol is required for
activating MutLy is not known. Finally, the polo-like kinase Cdc5
(homolog of human PLK1) is required for meiotic crossovers (23).
Cdc5 expression is induced by the Ndt80 transcription factor at the
pachytene stage of meiotic prophase, once homolog synapsis and
recombination intermediates formation are achieved (24-27).
Cdc5 promotes multiple steps during exit from pachytene, in-
cluding dHJ resolution, disassembly of the synaptonemal complex,
and sister kinetochore mono-orientation (28-30). Among other
targets, Cdc5 activates the Mus81-Mms4 structure-specific nu-
clease, by phosphorylating Mms4 (31), but this produces only a
minority of crossovers. It is not known how Cdc5 promotes the
remaining crossovers thought to come from the major, MutLy-
dependent, pathway.

In order to define how these factors come together to control
crossovers, we undertook a comprehensive analysis of MutLy
activation and distribution genome-wide in budding yeast. We
found that MutLy and Exol form a constitutive complex that
associates with recombination sites stabilized by ZMM proteins.
Exol then interacts with the Cdc5 kinase through a direct, spe-
cific contact that is necessary for crossover formation by MutLy.
Finally, we found that MutLy-dependent crossover formation is
regulated at multiple levels to avoid regions around centromeres
where deleterious outcomes could result.

Results

MIh3 Foci on Yeast Meiotic Chromosomes Are Distinct from ZMM Foci.
To follow how MutLy is initially recruited, we examined its rela-
tionship to ZMM proteins, Zip3 and Msh4. A recent crystal
structure of the C-terminal domain of Mlh1-3 shows that the last
residues of MIh1 are part of the Mlh3 endonuclease active site,
rendering it impossible to C-terminally tag Mlh1 (Fig. 14) (32). To
preserve Mlh1-3 functionality in vivo, we introduced an internal
tag at an unstructured loop in Mlh3 that is predicted not to affect
Mlh1-3 function and catalytic activity (Fig. 14). Tags inserted at
this site had no major effect on mismatch repair and no effect on
spore viability or meiotic crossover frequency, and are therefore
suitable for further in vivo studies (SI Appendix, Fig. S1).

As in plants and mammals, M1h3 formed foci on yeast meiotic
chromosomes (Fig. 1 B-E). Importantly, Mlh3 foci were largely
absent in zip3A and in substantially reduced numbers in msh4A
mutants (Fig. 1 F-H), in agreement with genetic data showing
that MutLy acts downstream of ZMM proteins. Surprisingly,
although Zip3 and to a lesser extent Msh4 are important for
Mih3 foci, Mlh3 showed very little colocalization with either
Zip3 or Msh4 (Fig. 1 B, C, and I), suggesting that Mlh3 coexists
only briefly with the other two components at the same inter-
mediates. We conclude that Zip3 and Msh4 ZMM are required
for normal MIh3 foci formation, and propose that Zip3 and
Msh4 form earlier foci on recombination intermediates, before
MIh3 binding, which may reflect their function for stabilization
of intermediates.

MIh3 Associates with Meiotic DSB Hotspots at a Late Step of

Recombination. We next examined MIh3 association with specific
loci by chromatin immunoprecipitation (ChIP). Mlh3 associated

30578 | www.pnas.org/cgi/doi/10.1073/pnas.2013012117

with the three tested DSB hotspots during meiosis, reaching a
maximum at the expected time of crossover formation (4 to 5 h)
(Fig. 24 and SI Appendix, Fig. S24) (5), with kinetics very similar
to the ZMM proteins (33, 34). Mlh3 also weakly associated with
the chromosome axis, where DSB sites transiently relocate during
recombination (35, 36) (Fig. 24). MIh3 association with DSB
hotspots required DSB formation, since it was not observed in a
spollA mutant (Fig. 24 and SI Appendix, Fig. S2B), but was in-
dependent of its nuclease activity (mlh3-D523N mutant) (Fig. 24
and ST Appendix, Fig. S2C). Mlh3 binding also required the ZMM
protein, Mer3 (Fig. 24 and SI Appendix, Fig. S2D). In msh4A
mutants, MIh3 recruitment was strongly reduced (Fig. 24 and SI
Appendix, Fig. S2E), consistent with the reduced number of MIh3
foci in msh4A (Fig. 1 G and H). In contrast, Mlh3 bound at
hotspots at nearly wild-type levels in exolA mutants (Fig. 24
and SI Appendix, Fig. S2F). Finally, to understand how and
when it functions, we assessed the role of Cdc5 polo kinase,
required for meiotic crossover, in recruiting Mlh3 to recombi-
nation sites. We found that in a ndt80A mutant, where Cdc5 is
not expressed, Mlh3 was still recruited at DSB sites (Fig. 24
and SI Appendix, Fig. S2G) and also formed foci on pachytene
chromosomes (Fig. 17). We conclude that the lack of dHJ
resolution in the absence of Cdc5 is not due to a failure to
recruit Mlh1-3 to recombination sites, but possibly a failure to
activate Mlh1-3 once recruited.

Determining that Mlh3 binds at a late step of recombination,
depending on ZMM proteins, makes it a good candidate for
being a marker for crossovers, as in other organisms.

Mih3 Binding Levels Correlate Well with DSB Frequencies, Except in
Centromeric and Late Replicating Regions. Whether Mlh1-3—-dependent
crossover has regional specificity across chromosomal territories is an
important question, knowing that crossover mislocalization can lead
to aneuploidies (37). To address this, we mapped MIh3 binding sites
by ChIP-sequencing (ChIP-seq) from highly synchronized meiotic
cultures thanks to a copper-inducible pCUPI-IMEI construct (38).
We used the 5- and 5.5-h time points, when crossovers appear (SI
Appendix, Fig. S3). We also mapped DSB sites by sequencing Spol1l
oligonucleotides from pCUPI-IMEI synchronized cultures at 5 h
when DSB levels are maximal (SI Appendix, Fig. S3). The MIh3
binding map was highly similar to that of the Mer3 and Zip4 ZMMs:
MiIh3 formed peaks around DSB hotspots, in addition to being weakly
associated with axis binding sites (Fig. 2 B and C and SI Appendix, Fig.
S4 A and B).

To get insight into the mode of action of Mlh1-3 once on
recombination intermediates, we next asked which DNA region
MIh3 occupies on individual DSB hotspots. Mlh3 peaks at DSB
hotspots had a width (2.2 kb) similar to that previously deter-
mined for the length of resection tracts at DSB hotspots (1.6 kb)
(39) (SI Appendix, Fig. S4C), which is predicted to result in re-
combination intermediates of roughly similar size (18). Fur-
thermore, in an exol-DI173A (exol-nd) catalytic mutant that
shows a 2.2-fold reduction in resection tracts lengths (19, 39),
MIh3 peaks at DSB hotspots were clearly less wide than in wild-
type (SI Appendix, Fig. S4 C and D), consistent with the de-
tectable Mlh1-3 distribution in vivo being mostly defined by the
limits of recombination intermediates.

Among the 1,155 MIh3 peaks identified (Dataset S1), 484
overlapped at least one of the strongest 1,000 DSB hotspots
(Dataset S2); and among the strongest 200 DSB hotspots, 164
had a detected MIh3 peak. In addition, the signal intensities of
DSB and MIh3 at the DSB hotspots were highly correlated (S
Appendix, Fig. S4E). Despite this high global correlation between
DSB and MIh3 binding frequencies, we observed a significant
reduction of Mlh3 binding per DSB in pericentromeric regions
(Fig. 2 D and E and SI Appendix, Fig. S5 A and B). In contrast,
the ZMM Mer3 and Zip4 were not reduced at pericentromeric
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Fig. 1. MIh3 forms foci on yeast pachytene meiotic chromosomes, distinct from ZMM foci. (A) Crystal structure of the C-terminal region of Saccharomyces
cerevisiae MIh1-MIh3 heterodimer showing the position of the internal tags in Mlh3. The MIh1 and MIh3 regions are colored in light and dark blue, re-
spectively. The MIh1 binding motif for Exo1 and the endonuclease site of MIh3 are colored in red and yellow, respectively. (B) Comparison of MIh3-Myc18 and
Zip3 foci. (C) Comparison of MIh3-Myc18 and Msh4-HA foci. (D and E) Quantification of MlIh3, Zip3, and Msh4 foci from B and C. (F and G): MIh3-myc foci in
zip3A (F) and msh4A (G). (H) Quantification of MIh3-Myc foci in zip3A and msh4A mutants from B, F, and G; 51 nuclei examined in each. (/) Colocalization
quantification of MIh3 with Zip3 or Msh4 foci. The percent of MIh3 foci colocalizing is indicated. (J) Quantification of MIh3 foci in pachytene-selected nuclei of
wild-type (same as in B) and ndt804; 51 nuclei examined in each. (B-J) All experiments at 4 h in meiosis, except ndt804 (6 h in meiosis). Scale bars: 5 pm. See
also S/ Appendix, Fig. S1.

regions, but were reduced in subtelomeric regions (Fig. 2D), resolution (19) (Fig. 34 and Dataset S3). We confirmed this in-
indicating a different regulation than Mlh3. teraction by Western blot analysis of the reverse pull-down of

Finally, we asked if the binding of ZMM and MIh3 on  MiIh3 by Exol (Fig. 3B). Interestingly, Exo1 pulled down Mlh1 and
DSB hotspots is modulated by replication timing. Whereas  MIh3 throughout meiosis, and is therefore a constitutive partner
ZMM binding was not affected, M1h3 binding per DSB was  of MutLy (Fig. 3C). This interaction required the Mlhl E682
reduced in late replicating regions (Fig. 2F); this was seen in  residue that mediates the direct interaction between Exol and
samples from both 5 h (SI Appendix, Fig. S5C) and 5.5 h  Mlhl (Fig. 3B), implying that the interaction between Exol and
(Fig. 2F), suggesting that this effect is not due to temporal MutLy is mediated by Mlhl. Consistent with these results, an
differences in Mlh3 loading between early and late replicating mlhiE6824 mutant displays meiotic crossover defects (19). We
regions. noticed that the MIh1E682A protein is reproducibly present at

Altogether, our results indicate a regional control of Mlh3  lower levels than the wild-type Mlhl protein, although previous
binding to DSBs that operates negatively in centromeric and in  studies showed that it is still proficient for mismatch repair. This

late replicating regions. may be due to its loss of interaction with several partners (Exol,
but also Sgs1, Ntg2) (40).
MutLy Forms a Complex with Exo1 and Interacts with MutSy In Vivo. MIh3 immunoprecipitates also contained Pms1, the partner of

To further gain a mechanistic handle on the function of key =~ MIlhl in the MutLa heterodimer (Fig. 34 and Dataset S3), and
players in meiotic crossover, we examined the in vivo interacting we confirmed this interaction in reverse Pmsl pull-downs
partners of MutLy. We immunoprecipitated Mlh3 4 h after initi-  (Fig. 3D). This possible MutLo—MutLy interaction prompted
ating meiosis, when crossovers appear (5), followed by proteomics  us to ask if MutLy—MutLy interactions also occur, possibly as a
mass spectrometry analysis (Fig. 34). M1h3 pulled down its MutLy  result of the proposed MutLy polymerization needed to cleave
partner Mlh1, as expected, but also Exol, providing in vivo sup-  DNA in vitro (17). However, we failed to detect any Mlh3-M1h3
port for previous proposals that it assists Mlh1-3 in crossover interaction in coimmunoprecipitation assays (Fig. 3 D, Lower,
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Fig. 2. MIh3 associates with meiotic DSB hotspots and its distribution is influenced locally by specific chromosome features. (A) MIh3-Myc levels at the three
indicated meiotic DSB hotspots and one axis-associated site relative to a negative control site (NFT7) assessed by ChIP and gPCR during meiotic time courses.
Values are the mean + SEM from three (four in wild-type) independent experiments at the time-point of maximum enrichment. The full corresponding time
courses are in S/ Appendix, Fig. S2. The cartoon illustrates the position of sites analyzed by gPCR relative to the meiotic chromosome structure. (B) ChIP-seq
binding of MIh3 (at 5.5 h in meiosis) compared to the binding of the Mer3 and Zip4 (33) ZMM:s, to DSBs (Spo11 oligos) (82), and to axis sites (Red1 ChIP-seq)
(72). Normalized data are smoothed with a 200-bp window. (C) Average ChiIP-seq signal at the indicated features. Same data as in B). The Mer3 and Zip4 ChlIP-
seq signals are aligned on the Spo11 hotspots midpoints from ref. 82, and MIh3 ChiIP-seq signal on the pCUPT-IME1 Spo11 hotspots midpoints (this study).
(Bottom) ChiP-seq signal is aligned on the Red1 peaks summits from ref. 72. (D) ZMM and MIh3 signals per DSB vary with the proximity to a centromere or a
telomere. The ChiIP-seq signal of each protein divided by their corresponding Spo11 oligo signal (Spo11 signal from ref. 82 for Mer3 and Zip4, and pCUP1-IME1
Spo11 signal for MIh3) was computed on the width plus 1 kb on each side of the strongest corresponding 2,000 Spo11 hotspots at the indicated chromosome
regions: Interstitial (1,805 and 1,829 hotspots); 0 to10 kb from a centromere (29 and 28 hotspots); 10 to 20 kb from a centromere (50 and 46 hotspots); 0 to 40
kb from a telomere (117 and 97 hotspots). For each region, the corresponding interstitial control was computed by randomly selecting groups of interstitial
hotspot regions with the same median Spo11 oligo level; this step was repeated 10,000 times. Statistical differences (Mann-Whitney Wilcoxon test) between
different regions and their interstitial control are indicated. () Examples of DSB (pCUPT-IMET Spo11 oligo) and MIh3 binding in an interstitial region and two
pericentromeric regions. The normalized signal smoothed with a 200-bp window size is indicated. (F) The ZMM and Mlh3 signals per DSB vary with the timing
of DNA replication. Same legend as in D for the indicated chromosomal regions, except that early and late regions were directly compared to each other. See
also SI Appendix, Figs. S2-S5.

and SI Appendix, Fig. S6), suggesting either that MutLy does not  recent in vitro data showing that the activity of the human MutLy
interact with itself in vivo or that this may be regulated and complex is strongly stimulated by both Exol and MutSy (41, 42).

occur only at the time of crossover formation, making it difficult
to detect. Cdc5 Kinase Interacts with Both MutLy and Exo1 Bound to Recombination

Surprisingly, we did not recover any peptides from the  Sites. We have shown that Cdc5 is not required for Mlh3 binding to
Msh4-Msh5 (MutSy) heterodimer or from other ZMM proteins ~ DSB hotspots, and moreover its targets relevant for crossover for-
in the Mlh3 immunoprecipitates (Dataset S3). A weak coim-  mation by the Mlh1-MIh3 pathway are still unknown (23). We did
munoprecipitation of Mlh1 and Mlh3 by Msh4 was detected, but  not detect Cdc5 in our meiotic MIh3 pull-downs (Dataset S3), but to
the fraction of Mlh1 and MIh3 was very low (Fig. 3B), consistent  address this issue, we examined if Cdc5 interacts with MutLy and
with the lack of visible colocalization of Mlh3 and Msh4 foci.  Exol in highly synchronous meiotic cells. At the time when cross-
This Mlh3-Msh4 interaction, even transient in vivo, supports  overs start to appear (5.5 h) (SI Appendix, Fig. S3), Cdc5 robustly
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Fig. 3. MutLy forms a complex with Exo1 and transiently interacts with MutSy in vivo. (A) Affinity pull-down of Mlh3-Flag from cells at 4 h in meiosis. Silver-
stained gel of pulled-down proteins. Table: Mass-spectrometry analysis of selected proteins reproducibly identified in all replicates and not in the controls (no
tag strain). The number of peptides of four independent experiments is shown (two with benzonase treatment, two without). Detail of pulled-down proteins
in Dataset S3. (B) Coimmunoprecipitation by Exo1-TAP or Msh4-TAP from cells at 4 h in meiosis analyzed by Western blot. The asterisk indicates the uncleaved
Msh4-TAP, of which the protein A region is weakly recognized by the anti-HA antibody. The tobacco etch virus (Tev)-cleaved Msh4-TAP is no longer rec-
ognized by the anti-HA. (C) Exo1-TAP pull-down throughout meiosis. The graph indicates the ratio of immunoprecipitated MIh1 and MIh3 relative to Exo1 in
the Tev eluates at the indicated times in meiosis. Values are mean + SD of two independent experiments. (D) Coimmunoprecipitation between Pms1-Flag and
MIh3-Myc (Upper) or between Mlh3-Flag and MIh3-Myc (Lower) from cells at 4 h in meiosis analyzed by Western blot. Asterisks indicate a nonspecific cross-
hybridizing bands. See also S/ Appendix, Fig. S6.

Cdc5 Directly Interacts with Exo1 to Promote Crossover Formation.
We tested whether Cdc5 interacts directly with the above factors.
Using a yeast two-hybrid assay, we found that the Cdc5 polo-box
domain (PBD), known to be involved in interaction with Cdc5
targets, did interact with Exol, whereas it did not with either
Mlh1 or Mlh3 (SI Appendix, Fig. S74). Cdc5 PBD usually binds a
priming phosphate, often formed by CDKI1, in the context of a
consensus motif, S-S(Phos)/T(Phos)-P (43, 44). However,
recombinant purified Exol strongly interacted with purified
CdcS (Fig. 4E and SI Appendix, Fig. S7TB), even after pretreating
Exol with phosphatase, ruling out that this direct interaction is
mediated through Exol phosphorylation.

A few other cases of phosphorylation-independent Cdc5 in-
teractions have been described, including that between Cdc5 and
Dbf4 (45-47). Domain mapping defined a small region of Exol
(531 to 591) necessary and sufficient for interaction with Cdc5
PBD using two-hybrid assays (Fig. 54 and SI Appendix, Fig.
S7C). This region contains a motif (570 to 575) conserved among

immunoprecipitated Mlhl, MIh3, and Exol (Fig. 44), raising the
possibility that it may directly activate MutLy. Indeed, Cdc5 associ-
ated with recombination sites during meiosis, at the same time as
Mlh3 (Fig. 4B). Since MutLy associates with recombination sites in
ndt80A mutants, where Cdc5 is absent (Fig. 24), we propose that
Cdcs is recruited to a preexisting Exol-MutLy complex bound at
Crossover sites.

To know which of the MutLy-Exol components is a direct
target of Cdc5, we assessed their interdependency for in vivo
coimmunoprecipitation with Cdc5. Strikingly, CdcS5 still associated
at normal levels with Mlhl and MIh3 in the absence of Exol
(Fig. 4C), suggesting that MutLy itself or another of its interacting
partners may be a phosphorylation target of CdcS5. Moreover,
Exol still coimmunoprecipitated with Cdc5 in the absence of in-
teraction with MutLy (Fig. 4D) (mlh1E6824 mutant, where Exol
interaction with Mlh1-3 is abrogated), demonstrating that Cdc5
also interacts with Exol.
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Fig. 4. The Cdc5 kinase interacts with both MutLy and Exo1 bound on recombination sites. (A) Coimmunoprecipitation by Cdc5-TAP of MIh1-HA, MIh3-Myc,
and Exo1-Myc from pCUPT-IMET synchronized cells at 5.5 h in meiosis analyzed by Western blot. (B) MIh3-Myc and Cdc5-TAP association with the indicated
DSB hotspots as revealed by ChIP and qPCR at the indicated times of a pCUPT-IME1 synchronized meiotic time course. Same normalization as in Fig. 2. Values
are the average of three (MIh3-Myc) or four (Cdc5-TAP) independent experiments + SEM (C) Coimmunoprecipitation by Cdc5-TAP of MIh1-HA and MIh3-Myc
is independent of Exo1. Same conditions as in A. (D) Coimmunoprecipitation by Cdc5-TAP of Exo1 is independent of Exo1 interaction with MutLy. Same
conditions as in A. (E) Direct, phosphorylation-independent interaction between recombinant Exo1 and Cdc5 proteins. Western blot showing the pull-down
of purified Cdc5-PM (phosphomimetic; see Materials and Methods) by Exo1-Flag, in the presence or absence of CDK1 or A-phosphatase. See also S/ Appendix,

Fig. S7.

yeast species, resembling the RSIEGA motif found in Dbf4
(Fig. 5B) (47). The Cdc5 PBD structure has recently been solved,
and shows a specific binding surface for the Dbf4 motif, opposite
from the canonical phosphopeptide binding site (Fig. 5 C, i) (48).
Interestingly, the Exol RSIEGA-like motif could be modeled
interacting exactly with the same Cdc5 surface as Dbf4 (Fig. 5 C,
ii). Importantly, mutation of the key residue of this surface
(S630Q mutation) abolished interaction with Exol, as it did for
Dbf4, but kept intact the interaction with Spc72, a canonical
interacting substrate of Cdc5 (Fig. 5D and SI Appendix, Fig. STD)
(48). Conversely, mutation of the WHK motif of Cdc5 involved
in phosphopeptide recognition (44) did not alter interaction with
Exol or Dbf4, but reduced interaction with Spc72 (Fig. 5D and
SI Appendix, Fig. STD) (47, 48). Furthermore, mutating the
equivalent of the key residues of the Dbf4 RSIEGA motif in
Exol (R570E I572D G574A, hereafter called exol-cid, CdcS in-
teraction-deficient) abolished the two-hybrid interaction be-
tween Exol and Cdc5 (Fig. 54 and SI Appendix, Fig. S7C),
confirming that Exol and Dbf4 bind in a similar way to Cdc5.
Interaction between Exol-cid and Cdc5 was also strongly re-
duced in in vivo coimmunoprecipitation assays, to around 35%
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of wild-type levels (Fig. 64). In addition, exol-cid mutants
showed decreased crossovers, on two different tested chromo-
somes, at the HIS4LEU2 hotspot on chromosome III (Fig. 6B),
and in the CENS-ARG4 interval on chromosome VIII (Fig. 6C).
Moreover, crossovers were especially reduced by the exol-cid
mutation combined with a triple nuclease mutant where only
MutLy-dependent crossovers remain (Fig. 6B) (mms4-md yenlA
she4A) (9), or with the single mms4-md mutant (Fig. 6C). In all
cases examined, crossover levels in exol-cid were greater than in
the exol A mutant, but decreased to the same extent as in mutants
that impair Exol interaction with MutLy [exol-FF4474A and
mlh1E682A mutants (19)], highlighting that the in vivo crossover
function of Exol is lost in the exol-cid mutant. To ensure that
the crossover defects of Exol-cid are due to its loss of interaction
with Cdc5, we asked if forced recruitment of Cdc5 to this mutant
protein restores crossovers. We therefore built strains where one
copy of exo!-cid is fused to CDC5, behind the endogenous EXO1
promoter. To avoid confounding effects of expressing CDC5 at
the same time as EXOI, and therefore throughout meiosis, we
made a control where CDC5 was expressed from the EXOI
promoter without fusion to EXO! (Fig. 6D). Furthermore, to
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Fig. 5. Cdc5 directly interacts with Exo1 through a noncanonical site. (A) Delineation of the Exo1 motif responsible for interaction with Cdc5 PBD by two-
hybrid assays. The GAL4-BD fusions with indicated Exo1 fragments were tested in combination with a GAL4-AD-Cdc5-PBD fusion; “+” indicates an inter-
action. Exo1-cid: Cdc5 interaction-deficient. (B) Conservation of the Exo1 region interacting with Cdc5 PBD and illustration of the Exo1-cid mutation. The Dbf4
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See also SI Appendix, Figs. S7 and S8.

avoid premature activation of the structure-specific nucleases
due to early expression of CDC5 (31, 49), we conducted the
experiment in the triple nuclease background. Remarkably, only
the fusion of Cdc5, but not its kinase-dead version, to Exol-cid
increased crossovers to levels approaching wild-type Exol
(Fig. 6D). Our results therefore demonstrate the direct function
of Exol in recruiting Cdc5 for downstream phosphorylation of
targets relevant for crossover.

Since Exol directly interacts with Cdc5, we assessed if Exol
phosphorylation is important for crossovers. We mapped the
in vivo Exol phosphorylation sites by mass spectrometry of
Exo1-TAP purified from meiotic cells after induction of Cdc5,
and identified S664 (within the CDK consensus SSP motif of
Exol) as being phosphorylated, along with eight other sites, in-
cluding three previously described as resulting from DNA
damage checkpoint activation (50) (SI Appendix, Fig. S8 A and
B). However, mutation of all nine phosphorylated residues of the

Sanchez et al.

Exol (mutant exol-94) did not affect crossovers (SI Appendix,
Fig. S8C). These results converge to suggest that Cdc5 does not
phosphorylate Exol itself, or if it does, it is not important for
crossover formation. Instead, our data suggest that Exol inter-
acts with Cdc5, to activate in situ the kinase activity of Cdc5
toward its targets, MutLy or its partners.

Discussion

In this study, we provide thorough in vivo characterization of
MutLy complex function in meiotic crossovers. We show that
MutLy forms foci on meiotic chromosomes and that globally, its
binding to recombination sites is repressed close to centromeres
and in late replicating regions. This predicts that the outcome of
meiotic recombination is specifically modulated at specific chro-
mosomal regions. Relevant to MutLy activation, we show a weak,
possibly very transient physical interaction with MutSy during
meiosis and a robust, constitutive interaction with Exol. We reveal
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Fig. 6. Cdc5 direct interaction with Exo1 promotes crossover formation. (A) Coimmunoprecipitation by Cdc5-TAP of Exo1-Myc in meiotic cells or in cells
growing mitotically. Same conditions as in Fig. 4A. (Right) Quantification of Exo1-Myc levels in the Tev eluate relative to the input. Error bars represent SD of
two independent experiments. (B) Meiotic crossover frequencies at the HIS4LEU2 hotspot in the exo7-cid mutant. (Left) Representative Southern blot analysis

of crossovers in the indicated exo? mutants, in an otherwise wild-type (MMS4

YENT SLX4) or triple nuclease mutant (mms4-md yen1A six4A) background.

mms4-md stands for pCLB2-mms4. (Right) Quantification of crossovers. Values are the mean + SEM of four independent experiments (wild-type background)
or mean + SD of two independent experiments (triple nuclease mutant), normalized to the corresponding EXOT1 value. (C) Meiotic crossovers on chromosome
VIII. (Left) lllustration of the fluorescent spore set-up (78). (Right) Genetic distances measured in the CEN8-ARG4 genetic interval for each indicated genotype.
(D) Meiotic crossover frequencies at the HIS4LEU2 hotspot with an Exo1-cid-Cdc5 fusion protein. (Left) Scheme illustrating the different experimental setups.
In each cell, proteins are expressed from the two allelic endogenous EXO1 promoters (Left) or CDC5 promoters (Right). Same legend as in B. Values are the
mean =+ SD of two independent experiments, normalized to the homozygous exo1-cid-Myc value.

a noncatalytic function of Exol1 in interacting with Cdc5 to activate
crossover formation. Our data highlight a noncanonical, direct
interaction, which does not seem to be accompanied by Cdc5-
mediated Exol phosphorylation. We propose that Exol serves
as a matchmaker and that direct binding of Cdc5 to Exol allows
Cdc5 to be active and locally phosphorylate MutLy (Fig. 7).

The Map of MIh3 Binding Sites Is Highly Correlated with That of DSBs
except in Specific Chromosome Regions. The choice to make a
crossover during meiotic DSB repair may be modulated along
chromosomes, but a precise and high-resolution comparison of
DSB and crossover levels is missing (reviewed in ref. 51). In
mice, studies of a few hotspots suggest that crossover/noncross-
over ratios can vary from one hotspot to another (52-55). Recent
data comparing a genome-wide DSB map with existing genetic
maps have shown that in female mice, crossover formation is
repressed at subtelomeric regions (56). Improper placement of

30584 | www.pnas.org/cgi/doi/10.1073/pnas.2013012117

crossovers in the vicinity of centromeres is infrequent and neg-
atively influences meiotic chromosome segregation (37, 57, 58).
Although recombination close to centromeres is already reduced
at the level of DSB formation, residual DSBs increase the risk of
aneuploidy (59). One way to prevent crossover formation by
pericentromeric DSBs is to repair them from the sister chro-
matid or as noncrossovers (60, 61). We found that M1h3/DSB
ratios are lower in pericentromeric regions than along chromo-
some arms, which may also contribute to the lower crossover
levels per DSB observed in pericentromeres. Since ZMM bind-
ing is not significantly reduced, we propose that there is a
deselection of ZMM-bound at pericentromeric recombination
sites, which are then preferentially repaired without MutLy
binding, as noncrossovers. In this regard, the phosphatase PP2A
associated to Shugoshin has been shown to counteract cohesin
kinases, including Cdc5, in pericentromeric regions (62). It may
also prevent Cdc5-driven MutLy activation in these regions.
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dHJ, MutLy may form a focus when interacting with MutSy (model shown here), or later in the process of its activation (not shown). Upon NDT80 activation,
the Cdc5 kinase is induced, and interacts with the MutLy-Exo1 complex through multiple interactions (green cloud). Among these interactions, the direct
interaction of Cdc5 with Exo1 is important for MutLy-driven crossover formation. We propose that this interaction allows Cdc5 to phosphorylate MutLy, which
activates its nuclease function and produces crossover formation. This may occur through transient MutLy polymerization.

Prior to our study, it was not clear if replication timing also
influenced the choice to repair DSBs as a crossover (63, 64). The
fact that M1h3 binding per DSB is less frequent in late replicating
regions suggests there may be a preferred time window for
loading MutLy onto recombination intermediates, such that
DSBs occurring late as a consequence of late replication would
be less likely to load MutLy. It remains to be determined if these
DSBs are repaired by the other nucleases able to generate
crossovers (such as Mus81-Mms4) or if they are repaired
through the noncrossover pathway. Recent cytological data in
tomato suggested that the different crossover promoting nucle-
ases (MutLy and the structure-specific nucleases) are differently
distributed along chromosomes (65).

MIh3 Associates with DSB Sites, at a Late Step of Recombination, and
Forms Foci Distinct from ZMM-Bound Foci. MutLy is predicted to act
on recombination intermediates that have been stabilized by
ZMM proteins, consistent with our finding that, in their absence,
MI1h3 binding is absent (zip3A and mer3A) or reduced (msh44).
The fact that we did not see colocalization between ZMM and
MIh3 foci suggests that they are two temporally distinct species
that form on recombination intermediates, at least as visible
entities. Indeed, we detect much fewer (16 on average) MIh3 foci
than the estimated Mlh1-Mlh3-dependent crossovers (around
80). Zip3 and Msh4 foci would precede MIh3 foci, to preserve
the dHJs and hand them over to MutLy, thereby positioning and
activating MutLy on the recombination intermediates, without
staying on chromatin as visible foci when the MIh3 focus forms
(Fig. 7). Our results are consistent with those in mice, where
early colocalization between Msh4 and MIh1 foci disappears at
midpachytene (66, 67).

In budding yeast, ZMM foci (around 45 per nucleus) are pro-
posed to all give rise to crossovers (around 75 ZMM-dependent
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crossovers per meiosis) (51, 68), in contrast to plants, mammals,
and Sordaria where only a subset of ZMM foci result in crossovers
(69-72). However, the fact that we detect fewer Mlh3 foci (16 per
nucleus) than ZMM suggests that a similar selection of a subset of
ZMM-bound sites may operate in budding yeast, to become
bound by MutLy, the remaining being dismantled by helicases into
noncrossover products. In Sordaria, Msh4 foci numbers diminish
between early and midpachytene, a time frame in which Mlhl-
MiIh3 is believed to be recruited (73). An alternative hypothesis is
that Mlh3 residence time on late crossover intermediates may be
limited and therefore MIh3 is not detected as a focus within a
single nucleus on all crossover sites. Finally, we cannot exclude
that the foci we detect, which are much fewer (16 on average) than
predicted MutLy-dependent crossovers (75), represent only a
subset (unproductive, or at a particular recombination stage) of all
of the MIh3 bound sites.

MutLy Forms a Constitutive Complex with Exo1 in Meiotic Cells but
Interacts Only Transiently with MutSy. In many organisms (budding
yeast, mice, and plants), msh4 or msh5 mutants have an earlier
meiotic defect than MutLy mutants, but it is attractive to pro-
pose, by analogy to mismatch repair, that MutSy also works di-
rectly with MutLy—Exol1 for crossover formation. Consistent with
an early role for MutSy, we show that most Msh4 foci do not
colocalize with Mlh3, but that Msh4 is required for the associ-
ation of Mlh3 with recombination sites. In addition, the detected
interaction of a small fraction of MutSy with MutLy in yeast
meiotic cells fits also with a late function for MutSy through
direct activation of MutLy. A similar interaction was also de-
scribed for the cognate mouse proteins (67). A recent study re-
ports that human MutSy strongly stimulates human MutLy
endonuclease in vitro (41). Together with our cytological and
interaction data, we can then propose that in vivo, MutSy
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contributes by creating the proper substrate where the MutLy—
Exol ensemble loads, and that a subset of MutSy may subse-
quently activate MutLy catalysis by direct interaction with MutLy
(Fig. 7). However, it is worth noting that, in Caenorhabditis ele-
gans, MutSy promotes crossovers and remains bound to cross-
over sites, although crossover resolution is not achieved by
MutLy, suggesting that, in this organism, MutSy cooperates, di-
rectly or indirectly, with a nuclease other than MutLy (74, 75).
Further work aiming at genetically separating these two func-
tions of MutSy will clarify these issues.

Another Example of Noncanonical Cdc5 Binding to Its Substrates,
Involving the RSIEGA Motif. We found that Exol interacts with
Cdc5 through the same mode as the only example described so
far, Dbf4. Besides the importance for the meiotic recombination
context, our study therefore adds another case where the re-
cently described interaction surface on Cdc5, distinct from the
phosphopeptide recognition surface, promotes interaction with a
protein relevant for a biological process (48). This surface is
conserved in human PLK, and our work should open new ave-
nues to search for other partners of CdcS or human PLKs with
similar interacting motifs, and to inhibitors that may specifically
target this new interacting surface.

Exol Serves as a Cdc5 Recruiting/Activating Platform for MutLy
Crossover Formation. Our study establishes a functional molecu-
lar link between Cdc5 and the MutLy-Exol complex, providing
some explanation for why this kinase is important for meiotic
crossovers (23). We show that Exol is constitutively associated
with MutLy, and therefore the binding of Exol to MutLy is not
sufficient in vivo to activate resolution. Rather, our data, in
particular the observation that mutants blocking Exo1-Cdc5 in-
teraction have crossover defects, suggest that resolution is acti-
vated by Cdc5 through its direct interaction with Exol. What
could be the downstream event triggered by Cdc5 binding
to Exo1?

Cdc5 function in MutLy crossovers involves phosphorylation
of at least a substrate, because induction of a kinase-dead Cdc5
in meiosis is not sufficient to promote crossover formation (23)
and because the forced recruitment of Cdc5 to Exol only stim-
ulates crossover when Cdc5 kinase activity is intact (our results).
It is unlikely that Exol is the relevant phosphotarget, since
mutation of Exol’s meiotic phosphorylated residues that we have
detected had no effect on crossovers. Another obvious candidate
for phosphorylation, once Cdc5 binds Exol, is the MutLy com-
plex itself. However, attempts failed to detect CdcS activation-
associated change in the mobility of Mlh1 or Mlh3 (Fig. 3C) (this
study and ref. 76), and published meiotic phosphoproteome
datasets do not contain meiotic phosphorylation sites on Mlh1 or
MIh3 that would appear upon Cdc5 induction (77). Another
possible target is the Chdl protein, recently described as a
binding partner of Exol and important for MutLy crossovers
(76). A proposed function of this chromatin remodeler is to al-
low MutLy polymerization along DNA, an event suggested im-
portant for in vitro nuclease activity on naked DNA (17, 76) and
that would require chromatin remodeling in vivo. Although we
failed at detecting indications that MutLy polymerizes (no
MutLy-MutLy interaction, no large spreading of MIh3 peaks
around DSB hotspots), we cannot exclude that once loaded,
MutLy may polymerize transiently when becoming active on a
region broader than recombination intermediates (Fig. 7). Fur-
ther experiments examining Mlh3 dynamics at the time of dHJ
resolution and the influence of Cdc5 and Chdl will be required
to examine this possibility.

It is noteworthy that despite the reduced crossovers seen when
Cdc5 no longer directly interacts with Exol, Cdc5 is able to
coprecipitate with MutLy from meiotic cells even in the absence
of Exol, and that the Exol-cid mutant, although totally deficient
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for two-hybrid interaction with Cdc5, also shows residual
coprecipitation with Cdc5 in vivo, likely via its interaction with
MutLy. Therefore, rather than being essential to bring Cdc5 to
the MutLy-Exo1 complex, direct Exol binding may serve as the
molecular switch to allow Cdc5 phosphorylate its targets (Fig. 7).

As a whole, our study reveals that MutLy activation is tightly
controlled in vivo, both locally through the direct coupling of
crossover formation with key meiotic progression steps by the
CdcS5 kinase, and globally by the underlying chromosome struc-
ture. Much of this regulation is likely to operate in mammals,
where the key proteins are conserved. Our study provides an
illustration of how nucleases at risk for impairing genome in-
tegrity in the germline are kept in check through multiple
control levels.

Materials and Methods

Yeast Manipulations. All yeast strains are derivatives of the SK1 background
except those used for two-hybrid and mutation analyses (S/ Appendix, Table
S1), and the strains used in specific figures are listed in S/ Appendix, Table S2.
All experiments were performed at 30 °C. Growth conditions and strain
constructions are described in S/ Appendix, Supplemental Materials
and Methods.

Analysis of Crossover Frequencies. For crossover analysis at HIS4LEUZ, cells were
harvested from meiotic time courses at the indicated time point. Two micro-
grams of genomic DNA was digested with Xhol and analyzed by Southern blot
using a labeled DNA probe A, as described previously (5). The radioactive
signal was detected by a Phosphorlmager (Typhoon, GE Healthcare) and
quantified using the Image Quant software, as described previously (32). For
genetic distances on chromosome VIII, diploids were sporulated in liquid me-
dium, and recombination between fluorescent markers was scored after 24 h
in sporulation, by microscopy analysis, as described previously (78). Two in-
dependent sets of each strain were combined and at least 600 tetrads were
counted. Genetic distances in the CEN8-ARG4 interval were calculated from
the distribution of parental ditype (PD), nonparental ditype (NPD), and tet-
ratype (T) tetrads and genetic distances (cM) were calculated using the Perkins
equation: ¢M = (100 (6NPD + T))/(2(PD + NPD + T)). SEs of genetic distances
were calculated using Stahl Lab Online Tools (https://elizabethhousworth.com/
StahlLabOnlineTools/).

Flag-Affinity Pull-Down, Proteomics Mass Spectrometry, and Coimmunoprecipitation
Analyses. For Flag pull-down and mass spectrometry analysis, 2 x 10° cells or 1.2 x
10° cells were harvested from synchronous meiotic cultures at the indicated time
after meiosis induction. Details are provided in the S/ Appendix, Supplemental
Materials and Methods.

Recombinant Proteins and Interaction Assays. Recombinant yeast Exo1-Flag
and Cdc5 were purified from insect cells. Details of protein purification and
Exo1-Flag pull-downs are in the S/ Appendix, Supplemental Materials
and Methods.

Yeast Two-Hybrid Assays. Yeast two-hybrid assays were performed exactly as
described previously (32). Cloning details are in the S/ Appendix, Supple-
mental Materials and Methods.

Modeling of Dbf4 and Exo1 Peptides on Cdc5 PBD Structure. The RSIEGA motif
of Exo1 was modeled based the structure of Cdc5 bound to a Dbf4-derived
peptide encompassing the RSIEGA motif of Dbf4 (PDB ID code 6MF6) (48).
The sequence was edited in Coot (79) and the rotamers of each residue
chosen to prevent clashes between Cdc5 and the modeled peptide.

Cytology. For cytology, 4 x 107 cells were harvested at the indicated time-
point and yeast chromosome spreads were prepared as described previously
(80). MIh3-myc18 was stained with primary anti-myc rabbit antibody
(Abcam, 1:600) and secondary FITC-conjugated anti-rabbit (Thermo Fischer;
1:600) for all cytological experiments except for the colocalization with Zip3,
for which primary 9E11 anti-myc mouse antibody was used together with a
secondary Cy3-conjugated anti-mouse (Jackson ImmunoResearch; 1:600).
Msh4-HA3 was stained with primary anti-HA mouse antibody (Anopoli;
1:1,000) and secondary Cy3-conjugated anti-mouse antibody (Thermo
Fischer; 1:600) when used in parallel with rabbit based anti-myc. Zip3 was
stained with a primary anti-Zip3 rabbit antibody (1:2,000), a gift from Akira
Shinohara (Osaka University, Osaka, Japan). The secondary antibody was
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Cy5-conjugated anti-rabbit (Amersham; 1:500). Fluorescent microscopy was
carried out on a ZEISS AXIO Imager M2 with a ZEISS Plan-Neofluar 100x, and
a 2x additional magnification by a Zeiss optovar. Images were taken at an
exposure of 1 s for DAPI (BFP channel), Cy3 (Cy3 channel), FITC (FITC chan-
nel), and 2 s for Cy5 (AF660 channel). The Light source: Sola SM II (Llu-
mencor); camera: CoolSNAP HQ2 (Visitron Systems GmbH); acquisition
software: Visiview (Visitron Systems). Nuclei acquired with this setup were
analyzed by Fiji software and R-scripts.

ChIP, Real-Time Quantitative PCR, and ChIP-Seq. For each meiotic time point,
2 x 108 cells were processed as described previously (32). Details are in the S/
Appendix, Supplemental Materials and Methods.

Spo11 Oligonucleotide Mapping. Spo11-Flag oligonucleotides were purified
and processed for sequencing library preparation and analyzed as previously
described (81), from synchronous pCUP1-IMET strains (S Appendix, Supple-
mental Materials and Methods).

Sequencing Data Processing and Bioinformatic Analyses. ChIP-seq and Spo11
oligo data were analyzed and normalized mostly as described previously (33,
81). Details are provided in the SI Appendix, Supplemental Materials
and Methods.
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