N

N

A meiotic XPF-ERCC1-like complex recognizes joint
molecule recombination intermediates to promote
crossover formation
Arnaud de Muyt, Alexandra Pyatnitskaya, Jessica Andreani, Lepakshi
Ranjha, Claire Ramus, Raphaelle Laureau, Ambra Fernandez-Vega, Daniel

Holoch, Elodie Girard, Jérome Govin, et al.

» To cite this version:

Arnaud de Muyt, Alexandra Pyatnitskaya, Jessica Andreani, Lepakshi Ranjha, Claire Ramus, et al.. A
meiotic XPF-ERCCI1-like complex recognizes joint molecule recombination intermediates to promote
crossover formation. Genes and Development, 2018, 32 (3-4), pp.283-296. 10.1101/gad.308510.117 .
hal-02191280

HAL Id: hal-02191280
https://hal.science/hal-02191280

Submitted on 24 Jul 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02191280
https://hal.archives-ouvertes.fr

Downloaded from genesdev.cship.org on July 24, 2024 - Published by Cold Spring Harbor Laboratory Press

A meiotic XPF-ERCCl1-like complex
recognizes joint molecule recombination
intermediates to promote crossover
tormation

Arnaud De Muyt,"? Alexandra Pyatnitskaya,” Jessica Andréani,>* Lepakshi Ranjha,® Claire Ramus,°
Raphaélle Laureau,'”> Ambra Fernandez-Vega,> Daniel Holoch,>” Elodie Girard,® Jérome Govin,°
Raphaél Margueron,>” Yohann Couté,® Petr Cejka,>’ Raphaél Guérois,>* and Valérie Borde'?

'UMR3244, Centre Nationnal de la Recherche Scientifique (CNRS), Institut Curie, PSL (Paris Sciences and Letters) Research
University, 75005 Paris, France; *Université Pierre et Marie Curie (UPMC), 75005 Paris, France; *Institut de Biologie Intégrative de
la Cellule (I2BC), Institut de biologie et de technologies de Saclay (iBiTec-S), Commissariat 2 I’Energie Atomique et aux Energies
Alternatives (CEA), UMR9198, CNRS, Université Paris-Sud, 91190 Gif-sur-Yvette, France; “Université Paris Sud, 91400 Orsay,
France; °Institute for Research in Biomedicine, Universita della Svizzera italiana, 6500 Bellinzona, Switzerland; *University of
Grenoble Alpes, CEA, Institut National de la Santé et de la Recherche Médicale (INSERM), Institut de Biosciences et
Biotechnologies de Grenoble (BIG-BGE), 38000 Grenoble, France; "Institut Curie, PSL Research University, UMR934, CNRS,
75005 Paris, France; ®Institut Curie, PSL Research University, Mines ParisTech, U900, INSERM, 75005 Paris, France; *Department
of Biology, Institute of Biochemistry, Eidgentssische Technische Hochschule (ETH) Zurich, 8093 Zurich, Switzerland

Meiotic crossover formation requires the stabilization of early recombination intermediates by a set of proteins and
occurs within the environment of the chromosome axis, a structure important for the regulation of meiotic re-
combination events. The molecular mechanisms underlying and connecting crossover recombination and axis lo-
calization are elusive. Here, we identified the ZZS (Zip2-Zip4-Spo16) complex, required for crossover formation,
which carries two distinct activities: one provided by Zip4, which acts as hub through physical interactions with
components of the chromosome axis and the crossover machinery, and the other carried by Zip2 and Spo16, which
preferentially bind branched DNA molecules in vitro. We found that Zip2 and Spo16 share structural similarities to
the structure-specific XPF-ERCCI1 nuclease, although it lacks endonuclease activity. The XPF domain of Zip2 is
required for crossover formation, suggesting that, together with Spo16, it has a noncatalytic DNA recognition
function. Our results suggest that the ZZS complex shepherds recombination intermediates toward crossovers as a
dynamic structural module that connects recombination events to the chromosome axis. The identification of the
Z7S complex improves our understanding of the various activities required for crossover implementation and is
likely applicable to other organisms, including mammals.

[Keywords: homologous recombination; crossover; meiosis; Zip2-Zip4-Spol6 complex; XPF-ERCC1; synaptonemal
complex]
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During meiosis, cells undergo DNA recombination to
form at least one crossover (CO) between each pair of ho-
mologous chromosomes, which ensures their proper seg-
regation during meiosis I and thus avoids aneuploidy.
Meiotic recombination is initiated by the induction of
DNA double-strand breaks (DSBs) catalyzed by the topo-
isomerase relative Spol1l. DSBs are subsequently resected
to generate 3’ single-stranded tails that invade a homolo-
gous intact DNA duplex, preferentially on the homolo-
gous chromosome, forming a D-loop structure to yield
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either CO or non-CO (NCO) recombinant products (Bish-
op and Zickler 2004). In all studied species, the number of
DSBs exceeds the final number of COs, indicating that
meiotic cells designate a subpopulation of DSBs to specif-
ically become a CO. Two antagonistic activities play an
important role in controlling the CO/NCO balance.
Sgsl, the Bloom (BLM) syndrome RecQ family helicase
ortholog in budding yeast, functions together with Top3
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and Rmil to promote the disassembly of strand invasion
intermediates (Oh et al. 2007; De Muyt et al. 2012;
Zakharyevich et al. 2012; Kaur et al. 2015; Tang et al.
2015). Such an activity favors NCO production by synthe-
sis-dependent strand annealing (SDSA), in which the ex-
tended invading strand is displaced and annealed to the
other side of the break. In parallel, a meiosis-specific path-
way ensures that a subset of DSBs is repaired into COs. For
this, the single-end invasion (SEI) recombination interme-
diate, a metastable D-loop structure, is formed, which is
subsequently transformed via capture of the second break
end into a double Holliday junction (dHJ) (Hunter and
Kleckner 2001). The dHJ is then resolved into a CO prod-
uct. A group of proteins collectively termed “ZMM” (for
Zip, Msh, and Mer) has been proposed to protect recombi-
nation intermediates from the anti-recombination activi-
ty of Sgsl (Jessop et al. 2006; Oh et al. 2007). The ZMM
proteins are important to stabilize nascent joint mole-
cules in vivo and are responsible for the formation of
~85% of all COs while being dispensable for NCOs
(Borner et al. 2004; Lynn et al. 2007). The ZMM group in-
cludes proteins that act directly on recombination inter-
mediates in vitro, such as the Mer3 helicase, which
preferentially recognizes and migrates D loops, as well
as the MutS homolog heterodimer Msh4-Msh5, which
stabilizes dHJs (Mazina et al. 2004; Snowden et al. 2004;
Duroc et al. 2017). The ZMM group also includes Zipl
(the central element of the synaptonemal complex [SC])
and Zip3 (an E3 ligase) as well as Zip2, Zip4, and Spol6
with less well-defined functions.

In budding yeast, the ZMM proteins also participate in
SC assembly, which starts with the formation of the axial
element (or chromosome axis) along each pair of sister
chromatids. Axial elements tether loops of chromatin at
their bases by meiosis-specific axis proteins, which in-
clude Hopl, Redl, and the cohesin subunit Rec8 (Smith
and Roeder 1997; Klein et al. 1999; Panizza et al. 2011).
Next, Zipl progressively polymerizes between each pair
of homologous axes. The ZMM proteins play an impor-
tant role to coordinately promote SC polymerization
(Chua and Roeder 1998; Agarwal and Roeder 2000; Tsu-
bouchi et al. 2006; Shinohara et al. 2008). However, it is
not clear how ZMM-dependent CO formation and SC as-
sembly are functionally linked (Lynn et al. 2007).

Intriguingly, Zip2 shows predicted structural similarity
to SHOC1 and C90rf84 of plants and humans, respective-
ly, and possesses a predicted XPF domain (Macaisne et al.
2008). XPF-related proteins are conserved endonucleases
involved in branched DNA structure recognition and pro-
cessing (Ciccia et al. 2008). During evolution, ancestors of
the XPF family diverged from a common homodimeric
complex into several types of heterodimers (Dehé and
Gaillard 2017). Each heterodimer is composed of an XPF
subunit (which may contain a catalytic domain) and a
noncatalytic subunit that belongs to the ERCCI1 protein
family (Ciccia et al. 2008). The XPF-ERCCl1-like hetero-
dimers MUS81-EME1 (Mus81-Mms4 in budding yeast),
MUS81-EME2, and XPF-ERCCI1 (Rad1-Rad10 in budding
yeast) have key roles in DNA replication, recombination,
and repair and share a conserved catalytic domain that
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specifically cleaves secondary DNA structures (Dehé
and Gaillard 2017). Surprisingly, the FANCM-FAAP24
complex, another member of this family, does not show
any endonuclease activity (Ciccia et al. 2007, 2008). In-
stead, it is suggested that FANCM-FAAP24 works as a
recognition module that binds to a DNA structure caused
by a stalled replication fork at an interstrand cross-link
and recruits other factors for subsequent repair (Xue
et al. 2015). Therefore, two types of XPF-ERCC1-like het-
erodimer might coexist: “nuclease-active” and “nuclease-
inactive” variants.

In this study, we provide evidence that two ZMM pro-
teins, Zip2 and Spol6, form a meiosis-specific XPF-
ERCCl1-like complex. The recombinant Zip2 XPF domain
together with Spol6 preferentially binds branched DNA
structures, such as D loops and HJs. We suggest that
Zip2-Spol6 forms a “nuclease-inactive” heterodimer in-
volved in the recognition of DNA junctions formed during
meiotic homologous recombination. In vivo, the Zip2
XPF domain is important to promote wild-type levels of
COs. In addition, we show that the Zip2-Spol6 hetero-
dimer forms a stable complex with a third ZMM protein,
Zip4. We found that Zip4 physically interacts with other
ZMM proteins and with the axial element of the SC, pro-
viding a direct physical link between CO-designated re-
combination intermediates and SC assembly.

Results

Zip2 forms a complex with Zip4 and Spol6 in meiotic
cells

Despite exhibiting a well-defined predicted XPF domain
(Macaisne et al. 2008), the molecular role of Zip2 is un-
known. To gain insights into its function during meiosis,
we conducted a tandem affinity purification (TAP) tag
pull-down of the Zip2 complexes in meiotic cell extract
at 4.25 h after meiosis induction, the expected time
when recombination occurs. The relative abundance of
Zip2 partners from three biological replicates was deter-
mined by label-free quantitative mass spectrometry-based
proteomics (Fig. 1A; Supplemental Table S1). Interesting-
ly, Spol6 and Zip4 were the most abundant identified
partners among the Zip2 copurified proteins. Estimation
of the relative abundance of Zip2 partners suggested
that, on average, about one copy of Zip4 and Spo16 is asso-
ciated with one Zip2 protein, which would be compatible
with Zip2, Zip4, and Spol6 forming a stoichiometric com-
plex of a 1:1:1 ratio (Fig. 1B; Supplemental Table S1). Re-
ciprocally, Zip2- and Spolé6-derived peptides were found
as top candidates in the Zip4-TAP precipitates (Fig. 1C).
Likewise, Zip2 and Zip4 were the highest-ranked candi-
dates identified in the Spol6-TAP eluates (Fig. 1C). In ad-
dition, coimmunoprecipitation assays confirmed that
Zip2 is physically associated with Zip4 and Spol6 in mei-
otic cells (Fig. 1D). Furthermore, yeast two-hybrid analy-
sis revealed that Zip2, Zip4, and Spol6 interact with
each other (Fig. 1F; Supplemental Table S2). These results
are consistent with previous studies that showed that
Zip2 colocalizes with Zip4 on chromosome spreads and
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Figure 1. Zip2, Zip4, and Spol6 form a stable com-
plex and are physically connected to the chromosome
axis and post-translational modifiers. (A, Ileft)
Representative silver-stained gel of TAP eluates from
meiotic cell extracts of Zip2-TAP. (Right) Mass spec-
trometry analysis of Zip2-TAP partners during meio-
sis. t =4.25 h. The volcano plot indicates in red the
proteins significantly copurified with Zip2. Log,(fold
change) > 3; log;o(P-value) < 2. Selected top candidates
are indicated. Msh5 protein is also shown despite be-
ing just below the fixed cutoff. The entire list is in
Supplemental Table S1. The experiment was done in
triplicate. (B) Determination of relative abundance
by mass spectrometry of Spol6, Zip4, Redl, Hopl,
and Zip3 relative to the Zip2 protein. Values are the
mean = SD. of three biological replicates. (C, left) Rep-
resentative silver-stained gels of TAP eluates from
meiotic cell extracts of Zip4-TAP and Spol6-TAP.
(Right) Mass spectrometry analysis of Zip4-TAP and
Spol6-TAP partners during meiosis. t=4.25 h. The
corresponding volcano plots are shown using the
same parameters as for the Zip2-TAP experiment.
The entire listis in Supplemental Table S1. The exper-
iments were done in triplicate. (D) Coimmunoprecipi-
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that Spol6 coimmunoprecipitates with Zip4 (Tsubouchi
et al. 2006; Shinohara et al. 2008). Altogether, we con-
clude that Zip2, Zip4, and Spol6 form a stable complex,
referred to here as the “ZZS” complex.

To obtain more information about the size and compo-
sition of the ZZS complex, we performed gel filtration
analysis of the Spol6-TAP-associated complexes purified
from meiotic cell extract at 4 h of meiosis (Fig. 2A). West-
ern blot analysis revealed that a large fraction of the Spol6
complex eluted between 500 and 600 kDa (around fraction
11). Importantly, this fraction of Spol6 coelutes perfectly
with Zip4 and Zip2, confirming the presence of a stable
ZZS complex. The theoretical size of a 1:1:1 ratio complex
is only 263 kDa, suggesting that the ZZS complex may
have a different composition. The higher apparent molec-
ular weight may result from multimerization of the ZZS
complex or from other proteins associated with the ZZS
complex. Interestingly, a second type of complex (fraction
13) contained Zip2 and Spol6 but not Zip4. Importantly,
the full-length Zip2 was absent, and Zip2 was strongly de-
graded in this fraction. This suggests that Zip2 protein
stability may require Zip4. Consistently, semiquantita-
tive Western blot analyses indicated that Zip2 protein lev-

tation between Spol6-TAP, Zip4-Flag, and Zip2-Myc
from meiotic cells at 4 h in meiosis, analyzed by West-
ern blot. The asterisks indicated a nonspecific cross-
hybridizing band. (E) Coimmunoprecipitation be-
tween Zip4-Flag, Zip2-Myc, and V5-Red1 from meiot-
ic cells at 4 h in meiosis, analyzed by Western blot. (F)
Yeast two-hybrid assays. Interaction between the prey
fused with the GAL4 activation domain (Gal4AD) and
the bait fused with the GAL4 DNA-binding domain
(Gal4BD). Growth on —His/Ade medium indicates an
interaction. A cartoon summarizing the network for
protein—protein interactions identified by TAP and
supported by yeast two-hybrid assays is indicated.
See also Supplemental Tables S1 and S2.

els are strongly decreased in the zip4A mutant (Fig. 2B).
Moreover, the absence of Spol6 also affected Zip2 protein
levels, suggesting that Zip2 requires being in complex
with both Spol6 and Zip4 to be stable. In contrast,
Spol6 protein levels were reduced by only ~30% in the ab-
sence of either Zip4 or Zip2 (Fig. 2C). Finally, we did not
observe any reduction of Zip4 protein levels in zip2A
and spol6A mutants, where it even accumulated at higher
levels, possibly due to impaired meiotic progression (Fig.
2D). Altogether, these data suggest that the stability of
Zip2 and Spol6 is mutually dependent, and both require
Zip4 to prevent their degradation.

The ZZS complex interacts physically with components
of the chromosome axis and with factors involved in post-
translational modification

Besides Zip2, Zip4, and Spol6 forming a complex, we iden-
tified two components of the SC axial element, Redl and
Hopl, in all three purifications (Zip2-TAP, Zip4-TAP,
and Spol6-TAP), suggesting that the entire ZZS complex
interacts physically with the chromosome axis (Fig. 1A,
C; Supplemental Table S1). This was confirmed by
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coimmunoprecipitation of Redl with Zip4 (Fig. 1E). We
also observed an interaction between Zip4, but not the
other ZZS members, and Red1 in a yeast two-hybrid assay,
suggesting that Zip4 makes the connection between the
ZZS complex and the chromosome axis (Fig. 1F;
Supplemental Table S2). However, we note that two-hy-
brid assays are not an absolute indicator of the absence of
an interaction, and current data do not exclude other pos-
sible interactions. In addition, we identified Pch2 in our
Spol6-TAP eluates (Fig. 1C; Supplemental Table S1).
Pch2 is a hexameric ring ATPase that remodels the chro-
mosome axis protein Hopl (Chen et al. 2014), suggesting
that axis remodeling may occur in the vicinity of the
ZZS complex.

We detected the E3 ligase Zip3 as a Zip2-TAP-interact-
ing partner (Fig. 1A; Supplemental Table S1), which is in
accordance with a previous report (Agarwal and Roeder
2000). Interestingly, Zip4, but not the other ZZS mem-
bers, interacted in a two-hybrid test with Zip3 (Fig. 1F),
suggesting that in vivo, Zip4 mediates the interaction be-
tween Zip2 and Zip3. Finally, we identified the Cdc7 ki-
nase in our Zip4-TAP pull-down (Fig. 1C; Supplemental
Table S1). Cdc7 is a Dbf4-dependent protein kinase impor-
tant for DNA replication but also numerous meiotic re-
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Figure 2. Analysis of ZZS complex formation during
meiosis. (A) Western blot of Superdex-200 gel filtra-
tion column fractions. The positions of molecular
weight markers are indicated. Braces show the migra-
tion positions of the ZZS complex (fractions 10-12)
and the Zip4-free Zip2-Spol6 complex (fraction 13),
respectively. (#) Possible degradation products of
Zip2-Myc. (B-D) Western blot time course analysis
of Zip2-Flag (B), Spol6-Myc (C), and Zip4-Flag (D) in
wild-type cells or in the absence of one ZZS member,
as indicated. Graphs of the quantification of Zip2-
Flag, Spol6-Myc, and Zip4-Flag relative levels are at
the right. Values are the mean = SD of two indepen-
dent experiments.

— Wt
—Zip4A
——spo16A

ZIp2A

——zip4n

— Wt
ZIp2A
—spo16A

combination processes, including CO formation (Masai
and Arai 2002; Sasanuma et al. 2008; Wan et al. 2008;
Chen et al. 2015). In particular, Cdc7-Dbf4 is important
for the CO/NCO decision between homologs by phos-
phorylating the Zip1 protein (Chen et al. 2015). Further in-
vestigation will be required to determine the role of this
interaction. Altogether, these interactions suggest that
several types of post-translational modifications occur
near the ZZS complex.

Zip2, Zip4, and Spo16 preferentially bind DSB hot spots
and are mutually dependent for their association with
chromosomes

Since the ZZS complex interacts physically with compo-
nents of the chromosome axis and promotes CO forma-
tion, we asked how the ZZS distributes between axis
attachment sites and DSB sites. For this, we mapped
Zip2-, Zip4-, and Spol6-binding sites by ChIP (chromatin
immunoprecipitation) sequencing (ChIP-seq) experiment
at 4 h of meiosis. We also mapped Zip3, which had been
localized previously at lower resolution (Serrentino et al.
2013). As seen in Figure 3, A and B, all four proteins
showed highly similar profiles and associated strongly
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both arranged to their peak strength. (C) Mutant analysis of the genetic requirements for Zip2, Zip4, and Spo16 association with different
chromosomal regions, assessed by ChIP. Maximum Zip2-Flag, Zip4-Flag, and Spol6-Myc levels observed by quantitative PCR (qPCR) us-
ing primers that cover the indicated regions are shown. Values are the mean + SD from two independent experiments. The full correspond-

ing time courses are in Supplemental Figure S3.

with DSB hot spots but more weakly with Red1 axis sites.
This was confirmed by Spearman correlation analyses
that indicated that the 1000 highest Zip2, Zip3, Zip4,
Spol6 peaks show a better correlation with the DSB peaks
than with the Redl peaks (Supplemental Fig. S1). This is
consistent with our stoichiometry estimation, where
only a fraction of the ZZS complex interacts with Redl
and Hopl (Fig. 1B). Interestingly, we found that Zip2,
Zip4, and, to a lesser extent, Spol6 were also located at
centromeres, like Zip3 (Supplemental Fig. S2), which is
consistent with previous cytological data (Tsubouchi
et al. 2008).

Because Zip2, Zip4, and Spo16 form a complex and asso-
ciate with DSB hot spots genome-wide, we thought that
they may function as a single unit to bind meiotic chro-
mosomes. We examined their binding to DSB hot spots
and chromosome axes by quantitative PCR (qPCR)-based
ChIP experiments (Fig. 3C). Zip2, Zip4, and Spo16 showed
a similar and reproducible dynamic localization during
meiosis. They bound to DSB sites and axis sites from 3 h
after meiosis induction to reach a maximum enrichment
at 4 h and almost completely disappeared at 8 h
(Supplemental Fig. S3). Their association with DSB sites

was completely abolished in the spol1A mutant, indicat-
ing that it depends on DSB formation. Moreover, Zip2 and
Zip4 recruitment to DSB sites was delayed and reduced in
the dmc1A mutant, indicating that ZZS binding to chro-
matin is dependent on Dmcl-mediated strand exchange
activity (Supplemental Fig. S3). Interestingly, the absence
of any member of the complex strongly affected the bind-
ing of the other two members, revealing that Zip2, Zip4,
and Spol6 are mutually dependent for their optimal asso-
ciation with DSB hot spots and chromosome axes (Fig. 3C;
Supplemental Fig. S4). This supports the hypothesis that a
tight complex formed by these three proteins binds to
chromosomes.

Biochemical studies suggested that the Msh4-Msh5
heterodimer forms a clamp on strand exchange products,
such as HJs, facilitating their maturation into COs (Snow-
den et al. 2004). Interestingly, we found that Zip2 and Zip4
binding to DSB hot spots and chromosome axes was not
affected in a msh4A mutant (Fig. 3C; Supplemental Fig.
S4). These data are consistent with cytological analyses
showing that Zip4 still localizes on chromosomes when
Msh4 is missing (Shinohara et al. 2008). Taken together,
these results suggest that the ZZS complex preferentially
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binds DSB hot spots genome-wide and is still recruited
even if the stabilization of recombination intermediates
by Msh4-Msh5 is compromised.

The XPF domain is important for Zip2 function during
meiotic recombination

Previous reports identified two domains within the Zip2
protein: a WD40 repeat motif (Perry et al. 2005) and a
XPF domain (Macaisne et al. 2008), respectively. Howev-
er, these two domains overlap, suggesting that one of
the domain predictions might not be completely accurate.
After a careful computational analysis of the Zip2 struc-
ture (see the Supplemental Material), we identified only
the XPF domain, suggesting that the WD40 repeat domain
is likely not present in this protein.

The reported XPF domain structure can be divided into
two subdomains: the ERCC4 domain that typically car-
ries the nuclease activity and a dimerization motif as
well as the (HhH), domain that is a major determinant
for binding to DNA junctions with a precise polarity (Cic-
cia et al. 2008). A previous study identified similarities be-
tween the C-terminal domain of Zip2 and the XPF domain

(Macaisne et al. 2008). Consistent with this finding, we
could predict with 97% confidence (probability HHpred)
the whole three-dimensional (3D) structure of the XPF
domain of Zip2 by using the solved structure of the XPF
domain of human FANCM as a template (Protein Data
Bank 4bxo) (Fig. 4A; Coulthard et al. 2013).

To investigate the role of the Zip2 XPF domain during
meiotic recombination, we generated a truncated form
of Zip2, Zip2 AXPF, lacking the ERCC4-(HhH), structure.
Strains expressing Zip2AXPF showed a delay in meiotic
progression and reduced sporulation efficiency and spore
viability (Fig. 4B-D). Western blot analysis indicated
that the meiotic phenotypes observed were not due to re-
duced levels of Zip2AXPF (Supplemental Fig. S5A). More-
over, CO frequency of the zip2AXPF mutant was reduced
compared with the wild type, indicating that the XPF
domain is important for the pro-CO function of Zip2
(Fig. 4E,F). We next studied the role of the XPF domain
in Zip2 localization on meiotic chromosomes by ChIP
and qPCR. Zip2AXPF binding was strongly impaired
compared with the full-length protein, indicating that
the XPF domain is critical for Zip2 binding to chromo-
somes (Fig. 4G).

Figure 4. The XPF domain of Zip2 is important for
its pro-CO activity. (A) Schematic representation of
the Zip2 protein and its XPF domain and the predict-
ed 3D structure of the XPF domain of Zip2. The
ERCC4 domain and HhH, motif are indicated. (B)
Meiotic progression as assessed by DAPI staining of
strains with the indicated genotype. (C) Indicated
strains were sporulated for 24 h at 30°C. The average
sporulation of two independent colonies was graphed.
Errors bars represent SD of two independent experi-
ments. (D) Spore viability assays of strains with the
indicated genotype. Numbers of dissected tetrads
are indicated. (E) Representative Southern blot imag-
es of one-dimensional (1D) gel CO analysis at the
HIS4-LEU2 hot spot. (F) Quantitative analysis of
CO products after 8 h. Errors bars represent SD of
two independent experiments. (G) ChIP monitoring
of Zip2-Flag and Zip2 AXPF-Flag association with dif-
ferent chromosomal regions, measured by qPCR us-
ing primers that cover the indicated regions. Values
are the mean = SD of two independent experiments.
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Interestingly, despite a minor difference between
CO levels, sporulation efficiency and spore viability of
zip2 AXPF mutant were significantly higher than for the
zip2-null mutant (zip2A), suggesting that the N-terminal
part of Zip2 also participates in its pro-CO activity (Fig.
4D-F). Consistently, residual binding of Zip2AXPF was
still observed at DSB hot spots and axes, suggesting that
Zip2 protein is still able to weakly bind chromosomes
even in the absence of its XPF domain (Fig. 4G).

Spo16 specifically binds to the XPF domain of Zip2

in vivo

Many XPF domain proteins assemble into a heterodimeric
complex with an ERCC1 domain protein to bind DNA
(Ciccia et al. 2008). To identify factors that may interact
specifically with the Zip2 XPF domain, we analyzed
Zip2AXPF-TAP-binding partners by quantitative proteo-
micsin synchronous cell extractat4.25 h after induction of
meiosis and compared the obtained results with the set of
identified Zip2-TAP-interacting proteins. Zip2AXPF-TAP
still pulled down Zip4 and the axial components of the SC
(Redl and Hop1) in amounts and stoichiometry compara-
ble with those of the full-length Zip2-TAP construct (Fig.
5A; Supplemental Fig. S5B,C; Supplemental Table SI).
Likewise, although the enrichment was less significant,
we still recovered peptides from the Zip3 E3 ligase. In con-
trast, one member of the ZZS, Spo16, was no longer copuri-
fied with Zip2 AXPF-TAP (Fig. 5A; Supplemental Table S1),
suggesting that Spol6 interacts specifically with the Zip2
XPF domain. Therefore, we assessed the specificity of the
interaction between the two parts of Zip2—the N termi-
nus and the XPF domain—with Zip4 and Spol6 by yeast
two-hybrid assay. Consistent with our TAP tag experi-
ment, we found that the N-terminal part of Zip2 interacted

A XPF-ERCCI1-like complex promotes crossover

with Zip4, while the XPF domain interacted with Spol6
(Fig. 5B).

We also identified the MutS homolog Msh5 as a signifi-
cantly enriched partner of Zip2AXPE-TAP (Fig. 5A;
Supplemental Fig. S5B). Interestingly, Msh5 was also en-
riched in full-length Zip2-TAP experiments, although its
false discovery rate had a P-value of >1% (Figs. 1A, 5A;
Supplemental Table S1). Therefore, we tested whether
Mshb5 interacted with ZZS members in a yeast two-hybrid
assay. Indeed, we could detect a physical interaction
between Msh5 and Zip4 (Supplemental Fig. S5D;
Supplemental Table S2), suggesting that the in vivo inter-
action between the Msh4-Msh5 heterodimer and the ZZS
complex is mediated through Zip4 and Msh5.

Taken together, our data indicate that the N-terminal
part of Zip2 is linked to the chromosome axis (Red1 and
Hopl) and the other ZMM components of CO machinery
(Zip3 and Msh4-Msh5) through its interaction with Zip4,
while the XPF domain interacts exclusively with Spol6.

Spo16 shows a highly diverged ERCC1-like domain

The specificity of interaction between the XPF domain of
Zip2 and Spol6 was reminiscent of an XPF-ERCC1-like
heterodimer. The sequence of Zip2 diverged rapidly during
the evolution of yeasts, with Saccharomyces cerevisiae
Zip2 sharing only 26% and 23% sequence identities
with its orthologous proteins in the closely related species
Zygosaccharomyces rouxii (XP_002499352.1) and Kluy-
veromyces lactis (XP_453570.1), respectively. Despite
this divergence, using remote homology detection tools,
significant evolutionary relationships were detected
previously between Zip2 in S. cerevisiae, SHOCI in Arabi-
dopsis thaliana, and C9orf84 in Homo sapiens (Macaisne
et al. 2008). However, analysis of the Spol6 primary amino
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acid sequence failed to detect any similarity to known
functional domains, including ERCCl1-like structures.
The S. cerevisiae Spol6 sequence shares only 20% and
11% sequence identities with its orthologous proteins in
Z. rouxii (XP_002495594.1) and K. lactis (XP_454656.1),
respectively, indicating that it diverged rapidly during
the evolution of yeasts, significantly more so than Zip2.
Besides, no homologs in species more distantly related
than K. lactis could be identified even when using sensi-
tive tools for remote homology detection such as HHblits
(Remmert et al. 2011). We also searched for Spol6 homo-
logs in several fully sequenced species of the Ascomycete
clade. When the profile of S. cerevisiae Spol6 was queried
with HHsearch (S6ding 2005) against the database of pro-
files built for all protein sequences in each of these Asco-
mycete species, no match had a probability >32%, and
no candidate Spol6 ortholog could be reliably identified
(Supplemental Table S3). Nevertheless, in each species,
at least one of the 10 best matches could be assigned to
some members of the XPF-ERCC]1 superfamily, support-
ing the possibility that Spol6 might be a highly diverged
version of the ERCC1-like domain (Supplemental Table
S4). We therefore explored whether the Spol6 sequence
could be aligned with a structure of known members of
the XPF-ERCC]1 superfamily. Through weak profile—pro-
file alignment relationships and secondary structure simi-
larity analysis, the Spol6 sequence could be aligned to a
reference structure belonging to the ERCCI family
(Supplemental Fig. S6). The structure of the FANCM-
FAAP24 complex was used as a template to create a model
of Spol6 in complex with the Zip2 XPF domain using the
Rosetta CM program (Song et al. 2013). Interestingly, the
regions of Spolé6 that could be matched with the best
agreement of secondary structure prediction from the pro-
file-profile alignment correspond to those interacting
with the XPF-like model of Zip2 (Fig. 5C; Supplemental
Fig. S6A,B). Upstream of these regions, the sequence align-
ment and the secondary structure prediction do not ideally
match with the structural template and may adopt a differ-
ent conformation. Intriguingly, the Spo16 predicted struc-
ture shows only one HhH motif, while the majority of
ERCCI1 domain proteins carries a tandem of HhH motifs,
reflecting the high divergence of Spol6 compared with
other ERCC1 domain members. Nevertheless, the likeli-
hood of the model in the region of the interface between
Zip2 and Spol6 supports the hypothesis that the two pro-
teins form a XPF-ERCC1-like assembly (Fig. 5C).

The XPF domain of the Zip2 and Spo16 heterodimer
shows a strong affinity for branched DNA structures in
vitro and likely lacks endonuclease activity

Members of the XPF family recognize various types of
branched ssDNA/dsDNA molecules (Ciccia et al. 2008;
Dehé and Gaillard 2017). Therefore, we investigated
whether the complex formed by the Zip2 XPF domain
and Spol6 [XPF(Zip2)-Spol6] could bind DNA. We co-
purified recombinant Spol6 with XPF(Zip2)-10xHis, con-
firming that Zip2 and Spol6 interact directly with each
other (Fig. 6A). During size exclusion chromatography,
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the XPF(Zip2)-Spol6 behaved as a complex with 1:1 stoi-
chiometry (Supplemental Fig. S7A). DNA-binding analy-
sis of the XPF(Zip2)-Spol6 complex by electrophoretic
mobility shift assays indicated that it binds weakly to
ssDNA or dsDNA (Fig. 6B,C). In contrast, the XPF
(Zip2)-Spol6 complex showed a marked binding prefer-
ence for branched DNA structures, particularly D loops
and HJs. The preferential binding to branched DNA mol-
ecules was confirmed by competition assays in which the
XPF(Zip2)-Spol6 complex was prebound to a HJ substrate
and then challenged with unlabeled HJs or dsDNA (Fig.
6D-F). Moreover, this analysis also indicated that the
binding of the complex to DNA is dynamic and that the
protein can relocate to other DNA molecules. Therefore,
the preference of the XPF(Zip2)-Spol6 complex for bind-
ing branched DNA molecules is similar to that of the
XPF-ERCC1 complexes (Ciccia et al. 2008), indicating
that the Zip2-Spol6 heterodimer recognizes DNA sub-
strates like a bona fide XPF-ERCCI1 complex in vitro.
The catalytic subunits of XPF and MUS81 display a
GDXnERKX3D active site motif that is required for met-
al-dependent endonuclease activity but not DNA junc-
tion binding (Enzlin and Schirer 2002; Nishino et al.
2003). In contrast, Zip2, like the XPF domain protein
FANCM, lacks the conserved endonuclease motif that is
characteristic of the eukaryotic XPF family (Macaisne
et al. 2008, 2011). Moreover, unlike in the case of the
Dna2 nuclease, in our conditions, we did not observe
any nuclease activity of the XPF(Zip2)-Spol6 complex
on the Y structure (Fig. 6G), a branched DNA molecule
that is processed by members of the XPF-ERCCI1 family
(Ciccia et al. 2008). Altogether, these results strongly sug-
gest that within the ZZS complex, the Zip2 XPF domain
in association with Spol6 represents a DNA recognition
module with a structural rather than catalytic function.

Discussion

Zip2 and Spo16 likely form a catalytically inactive XPF-
ERCC1-like complex that recognizes DNA structures and
promotes CO formation

The XPF-ERCCI1 complex is known to act on various
branched DNA structures, such as Y structures, stem—
loop DNA structures, or HJs (de Laat et al. 1998; Enzlin
and Schirer 2002). Although Zip2 shares primary se-
quence similarities to the XPF endonuclease family, there
was no evidence about the requirement of the XPF domain
of Zip2 in the formation of interfering COs. Our studies
showed that the XPF domain is important not only for
Zip2 binding to the DSB hot spot and axis but also to pro-
mote CO formation. Interestingly, Zip2 homologs in
plants and mammals, SHOCI1 and C90rf84, respectively,
also possess a predicted XPF domain, and the SHOCI pro-
tein is critical for the production of interfering COs in
Arabidopsis (Macaisne et al. 2008). Therefore, the XPF
domain may also be important for CO formation in higher
eukaryotes such as plants and mammals.

In their functionally competent state, XPF domain-con-
taining proteins form a heterodimer with their ERCC1
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Figure 6. The recombinant XPF domain of Zip2, XPF

domain partners. However, it was unclear whether Zip2 is
active as a heterodimer or homodimerizes similarly to XPF
of archaea (Dehé and Gaillard 2017). We did not identify
any self-interactions between individual Zip2 proteins by
yeast two-hybrid assay, suggesting that Zip2 does not
homodimerize. In contrast, the Zip2 XPF domain interacts
directly with Spo16 in vitro and in vivo. Moreover, despite
being highly divergent, we found that Spo16 protein shows
structural similarities to ERCC1 domain proteins. Togeth-
er, this suggests that Spol6 is a new member of the ERCC1
family and is the missing partner to form with Zip2 a bona
fide XPF-ERCCl1-like complex. Therefore, we propose
that a third member of the XPF family exists alongside
the Mus81/Mms4 and Radl/Rad10 complexes in yeast
and is likely conserved in mammals (see below).

Our data provide evidence suggesting that despite hav-
ing a XPF domain, Zip2 does not have an intrinsic nucle-
ase activity on meiotic recombination intermediates.
First, the in vitro purified XPF(Zip2)-Spol6 complex is
not able to cleave Y structures, while members of the
XPF family that have nuclease activity are able to cleave
such branched DNA substrates (Ciccia et al. 2008). Sec-
ond, the conserved sequence GDX,ERKX;3D active site
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motif of the XPF domain is highly diverged in Zip2 com-
pared with canonical XPF endonucleases (Macaisne
et al. 2008). Besides, the catalytic site for DNA cleavage
is also missing in plants and mammalian Zip2 orthologs
SHOCI and C9orf84, respectively, suggesting that nucle-
ase activity is also likely missing in these species (Mac-
aisne et al. 2008). Because the formation of the single
end invasion recombination intermediate (SEI) is affected
in zip2 and spol16 mutants (Borner et al. 2004; Shinohara
et al. 2008), we favor the hypothesis that the Zip2-
Spol6 heterodimer functions as a DNA recognition mod-
ule that binds and stabilizes D loops rather than being a
DNA endonuclease or resolvase. Nevertheless, the bio-
chemical activity of the entire complex, obtained from re-
combinant proteins or purified from meiotic cells, will be
needed before totally excluding a cleavage activity of the
ZZS complex.

The ZZS complex shepherds joint molecules
toward a pro-CO state

In budding yeast, the CO/NCO decision is made soon after
DSB formation and is subjected to the perpetual
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antagonistic roles of pro-CO versus anti-CO activities (Fig.
7). The Sgs1-Top3-Rmil (STR) complex orchestrates this
CO/NCO decision by preventing the accumulation of un-
regulated joint molecules through disassembling unpro-
tected branched DNA structures, thus driving events
toward both NCOs and SC-associated ZMM proteins (De
Muyt et al. 2012; Zakharyevich et al. 2012; Kaur et al.
2015; Tang et al. 2015). In budding yeast, the earliest CO-
specific DNA intermediates, SEIs and dHJs, are reduced
in the zip2, zip4, and spol6 mutants (Borner et al. 2004;
Shinohara et al. 2008). Interestingly, genetic and molecu-
lar analyses suggest that ZMM proteins prevent D-loop
and HJ disassembly by Sgsl (Jessop et al. 2006; Oh et al.
2007). Together with these data, our results suggest that
the ZZS complex acts early in the CO differentiation path-
way, in which the XPF domain of Zip2 and Spo16 recognize
and stabilize the D-loop early recombination intermedi-
ates, protecting them from being dismantled by the anti-
recombination STR complex (Fig. 7, step 1). Such an activ-
ity would consolidate D loops to become a metastable CO-
correlated joint molecule, the SEL During the SEI-to-dHJ
transition, the displaced 3’ strand of an SEI could undergo
annealing to the second DSB end (Lao et al. 2008). In theo-
ry, this type of DNA junction can still be sensitive to anti-
CO activities until it is fully ligated and destabilized to
form a NCO. Therefore, we suggest that the ZZS complex
also recognizes and protects these DNA junctions that are
formed during the post-invasion step of the second end
capture, thus stabilizing the second HJ (Fig. 7, step 2). Inter-
estingly, a zip3A mutant shows longer gene conversion
tracts associated with CO that are dependent on the pres-
ence of Sgsl, suggesting that Zip3 helps to promote the
second end capture by reducing the ability of Sgsl to act
on the D-loop intermediate (Oke et al. 2014). Since Zip4 in-
teracts physically with Zip3, it would be interesting to test
whether the ZZS complex and Zip3 cooperate to promote
the second end capture.

SDSA
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Figure 7. A model of how the ZZS complex regulates meiotic re-
combination intermediates to promote interfering COs (adapted
from Kaur et al. 2015). Arrows indicate the interactions between
the ZZS complex and the Msh4-Msh5 complex. The green circle
illustrates the proposed consolidation of interactions by the E3 li-
gase Zip3. Details are in the text.
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What could be the roles of Zip4 in the ZZS complex!?

Zip4 forms a stable complex with the Zip2-Spol6 hetero-
dimer, but its molecular function during meiotic recombi-
nation remains obscure. Zip4 is a giant tetratricopeptide
repeat protein (TPR), a domain present in many scaffold
proteins (D’Andrea and Regan 2003; Perry et al. 2005; Zey-
tuni and Zarivach 2012). Consistently, we identified sever-
al protein interactions between Zip4 and other ZMM
members. In particular, we found an interaction between
Zip4 and Msh5. Since mammalian MSH4-MSHS5 form a
meiosis-specific sliding clamp that recognizes and stabi-
lizes HJs (Snowden et al. 2004), the interaction with Zip4
could locally bridge the ZZS complex and Msh4-Msh5
on DNA intermediates (Fig. 7, step 2). This would coordi-
nate the action of the Zip2-Spol6 and Msh4-Msh5 com-
plexes on the branched DNA structure to convert D
loops into highly stable recombination intermediates,
the SEIs, and then the dHJs. Another Zip4-interacting part-
ner identified was Zip3. Zip3 is inferred to catalyze SUMO
conjugation, and mutations in the SUMO ligase activity
abolish CO formation, indicating a predominant role for
post-translational modifications in CO formation (Cheng
et al. 2006). Interestingly, SUMOylation was proposed to
provide glue-like properties to nearby substrates to foster
their physical interactions and stabilize protein complexes
(Psakhye and Jentsch 2012). Therefore, the SUMO activity
of Zip3 might spatially consolidate interactions between
several components of the recombination machinery in
the vicinity of recombination intermediates, including
the ZZS complex (Fig. 7, step 2). Consistent with this, re-
cent data suggest that the mouse Zip3-related proteins
RNF212 and HEI10 are important to stabilize recombina-
tion factors at designated CO sites (Reynolds et al. 2013;
Qiao et al. 2014).

A recent study suggested the importance of the local
axis-enriched context to repair DSBs by the interfering
CO pathway (Medhi et al. 2016). Consistently, our data
identified a link between the ZZS complex and the chro-
mosome axis. However, genome-wide localization data
show that Zip2, Zip4, and Spol6 were more often associ-
ated with DSB sites than chromosome axis sites. These
apparent contradictions can be reconciled by a transient
localization of CO factors to the axis sites (Storlazzi et al.
2010). Indeed, the localization of the ZMM proteins
Msh4 and Mer3 in Sordaria macrospora suggests that re-
combination complexes move from chromosome axes to
the interaxis region (Storlazzi et al. 2010). Similarly, in
budding yeast, the Zip3 protein shows the same dynamic
of localization (Serrentino et al. 2013). Therefore, we sug-
gest that the ZZS complex follows the same pattern of
localization, in which it is tethered to the chromosome
axis, possibly via a Zip4-Red]1 interaction. The complex
is then progressively delocalized from the axis (but re-
mains on recombination intermediates) to the interaxis
region to perform its pro-CO activity. Interestingly, in-
teraction between the Zip4 ortholog TEX11 and the lat-
eral component of the SC, SYCP2, has been reported in
mouse testis (Yang et al. 2008). Moreover, TEX11 localiz-
es between chromosome axes during synapsis formation
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(Yang et al. 2008; Reynolds et al. 2013), suggesting that
this dynamic localization is conserved between yeast
and mammals.

XPF members are often associated with scaffold pro-
teins that control the optimal repair outcome. For in-
stance, human SLX4 is important to recruit MUS81-
EMEI1 and XPF-ERCC1 to DNA repair sites and stimulate
their catalytic activity (Dehé and Gaillard 2017). Interest-
ingly, the TPR domain of the Fanconi anemia protein
FANCG binds to the XPF-ERCC1 endonuclease, suggest-
ing that a TPR domain protein can mediate the activity of
some XPF family members (Wang and Lambert 2010). The
TPR Zip4 is necessary for the recruitment of Zip2 and
Spol6 to DSB sites and the chromosome axis. Our data in-
dicate a strong degradation of Zip2 when Zip4 is no longer
associated with Zip2 and Spol6. Taken together, these
data suggest that Zip4 plays a role in stabilizing the
Zip2-Spol6 complex.

Last, the crystal structure of the nuclease of Pseudomo-
nas aeruginosa PaFAN1 showed that the TPR domain
binds directly to the 5 flap DNA structure in vitro
(Gwon et al. 2014). Therefore, there is a possibility worth
testing that the TPR domain of Zip4 may also participate
in DNA binding of the ZZS complex.

Is the ZZS complex evolutionarily conserved!

Presumed ZMM orthologs have also been identified in
plants and mammals, suggesting evolutionary conserva-
tion of this group (Lynn et al. 2007). In particular in Arabi-
dopsis, SHOC1 and AtZIP4 share domains similar to Zip2
and Zip4, respectively, and both are required for the for-
mation of interfering COs (Chelysheva et al. 2007; Mac-
aisne et al. 2008). Interestingly, parting dancer (PTD),
shows sequence similarity to the ERCC1 protein family
and is specifically involved in the formation of interfering
COs (Wijeratne et al. 2005; Macaisne et al. 2011). Similar-
ly to yeast, a fragment of the SHOCI protein that contains
the XPF domain interacts with PTD in yeast two-hybrid
assays, suggesting that SHOC1 and PTD form an XPF-
ERCCl-like complex to promote COs (Macaisne et al.
2011). Based on this comparison, we suggest that Spol6
and PTD are functional homologs and propose that the
whole ZZS complex is conserved in plants, composed of
SHOC1-AtZIP4-PTD.

In mammals, C90rf84 and TEX11 are the closest rela-
tives to Zip2 and Zip4, respectively (Macaisne et al.
2008), suggesting that at least two components of the
ZZS complex are also present in mammals. However, pu-
tative Spol6 and PTD orthologs were not identified in the
mammalian kingdom. Therefore, it is possible that mam-
malian Zip2 might act alone as a homodimer or, alterna-
tively, interact with an already known mammalian
ERCC1 domain-containing protein, such as EMEI,
EME2, ERCCI1, or FAAP24. Alternatively, the example
of Spol6 shows how difficult it is to identify an ERCC1
domain protein, and we cannot exclude that C9orf84
may interact with a yet unidentified ERCCl-related
Spol6/PTD-like protein.

A XPF-ERCCI1-like complex promotes crossover

Concluding remarks

Meiotic roles of the XPF-ERCC1 members have been fo-
cused mainly on extensive studies of the MUS81-EME1
nuclease during CO formation. However, the discovery
of a new complex of this family, Zip2-Spo16, in budding
yeast and its possible conservation among eukaryotes in-
dicate that another set of XPF-ERCCI actors is important
for CO production. Moreover, this study provides evi-
dence that not all XPF-ERCC1 family members are active
as nucleases. In contrast, as has been hypothesized for the
mammalian FANCM-FAAP24 complex, these proteins
may serve as recognition modules of branched DNA struc-
tures (Coulthard et al. 2013). In closing, the extreme diver-
gence observed for the Zip2-Spol6 complex among yeast
species shows how XPF-ERCC1 family members can be
versatile but also calls for future explorations of not yet
identified new XPF-ERCC1-like actors.

Materials and methods

Yeast strains, constructions, two-hybrid analysis, TAP, proteo-
mic analyses, coimmunoprecipitation, size exclusion chromatog-
raphy, Western blotting, Southern blot, ChIP, detection of
homology relationship of Spol6, and structural modeling of the
XPF(Zip2)-Spo16 are described in the Supplemental Material.

Purification of recombinant proteins

The viruses were produced using a Bac-to-Bac system (Invitrogen)
according to manufacturer’s recommendations. Spodoptera frugi-
perda Sf9 cells were then infected with optimal ratios of both vi-
ruses, and the cells were harvested 72 h after infection, washed
with phosphate-buffered saline (PBS), frozen in liquid nitrogen,
and kept at —80°C until use. Purification was performed with
cell pellets from 1 L of culture. All subsequent steps were carried
out at 4°C. Cells were resuspended in lysis buffer (1x PBS, 150
mM NacCl, 1% Triton X-100, 10% glycerol, Roche protease inhib-
itory cocktail, 30 mM imidazole) and incubated for 1 h. The cell
suspension was centrifuged at 25,000 rpm for 1 h to obtain a solu-
ble extract. The cleared extract was loaded onto a 1-mL
Macherey-nagel NiNTA column equilibrated with buffer A (1x
PBS, 150 mM NaCl, 10% glycerol, 30 mM imidazole). The resin
was washed extensively with buffer A. The XPF(Zip2)-10xHis
and Spol6 complex was eluted in 1x PBS containing 150 mM im-
idazole. The eluted protein peak was concentrated at a 30-kDa
cutoff and then loaded onto a Superdex-75 column (GE Health-
care) equilibrated in buffer B (1x PBS, 150 mM NaCl, 10% glycer-
ol). The samples was aliquoted, frozen in liquid nitrogen, and
stored at —80°C. The quality of the purified protein was deter-
mined with SDS-PAGE gel analysis, and the protein concentra-
tion was determined using Bradford protocol with BSA as a
standard. Yeast Dna2 was purified as described previously (Levi-
kova et al. 2013). The Ku70-80 complex was purified as described
(Reginato et al. 2017).

Biochemical assays

DNA structures—including ssDNA, dsDNA, Y structure, HJs,
and 3W junctions—for DNA-binding experiments were prepared
as described previously (Ranjha et al. 2014). The D loop was pre-
pared similarly by annealing 5’ end-labeled PC1253 with oligonu-
cleotides 315 (5-AACGTCATAGACGATGATCCGATGCAT
ATCCGCCTGCCCACGTTGACCC-3), 320 (5-GCGATAGTC
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TCTAGACAGCATGTCCTAGCAATACATTGCTAGGACATC
TT-3') and X12-3SC (5-TTGCTAGGACATGCTGTCTAGA
GACTATCGC-3'). The Y structure used for the nuclease assay
was prepared by annealing unlabeled PC1253 with 3’ end-labeled
PC1254. The 3’ end labeling was carried out with terminal
deoxynucleotidyl transferase (New England Biolabs) and [a-32P]
cordycepin 5’ triphosphate according to the manufacturer’s in-
structions. The DNA-binding assays with the XPF(Zip2}-Spol6
complex were carried out in a 15-pL volume in 25 mM Tris-ace-
tate (pH 7.5), 1 mM dithiothreitol, 100 pg/mL bovine serum albu-
min (BSA) (New England Biolabs), 2 mM magnesium acetate, and
1 nM DNA substrate (in molecules). The reactions were assem-
bled on ice and incubated for 30 min at 30°C. In competition ex-
periments, the XPF(Zip2)-Spol6 complex was prebound to
labeled HJs for 15 min at 30°C and then challenged with the indi-
cated concentrations of either unlabeled HJs or dSSDNA for anoth-
er 15 min at 30°C. At the end of the incubation, 5 pL of binding
dye (50% glycerol, 0.25% bromophenol blue) was added to each
sample. The products were separated on 6% native polyacryl-
amide gels (acrylamide:bisacrylamide 19:1; Bio-Rad) at 4°C. After
separation, the gels were dried on 17 CHR paper (Whatman) and
exposed to storage phosphor screens (GE Healthcare). The screens
were scanned using a Typhoon FLA 9500 (GE Healthcare) and
quantified by ImageQuant software. The Ku70-80 DNA-binding
experiments were carried out in an identical buffer under the
same conditions as used for the XPF(Zip2)-Spol6 complex.

Illumina sequencing of ChIP DNA and read normalization

Purified DNA was sequenced using an Illumina HiSeq 2500 in-
strument following the Illumina TruSeq procedure, generating
single-end 50-base-pair (bp) reads for Zip2, Zip3, Zip4, and un-
tagged anti-Flag ChIP or paired-end 50-bp reads for Spol6 and un-
tagged anti-Myc ChIP. Each experiment was performed in two
independent replicates. Reads were aligned to the Sacccer2 ver-
sion (SGD June 2008) of the S. cerevisiae S288C genome using
Bowtie version 1.0.0 (Langmead et al. 2009), allowing for two mis-
matches in the 20-bp seed. Reads that matched more than once in
the genome or matched to mitochondrial or ribosomal DNA were
eliminated from further analysis. Single-end reads were extended
to a size of 150 bp (the estimated size of our sonicated chromatin
preparations). Aligned and extended reads were then normalized
using a custom script as follows: For normalization for the un-
tagged control, the top and bottom outliers of the distribution
(Q3 + 1.5IQR and QI — 1.5IQR, respectively) were removed. The
average read number per position (coverage) of the remaining
reads of the untagged control was then normalized to 1 (scaled un-
tagged control). Similarly, top and bottom outliers of the distribu-
tion were removed from the average read number in the tagged
samples. Average coverage for the remaining reads was then cal-
culated for the tagged and untagged control at the same positions.
This was used to compute the immunoprecipitate/untagged con-
trol ratio. Next, all reads of the tagged sample were scaled using
this ratio (scaled tagged control). Both scaled tagged and untagged
samples were converted to bigwig format, and the scaled un-
tagged sample was subtracted from the scaled tagged sample.
The obtained normalized tagged sample values were used for Fig-
ure 3, A and B, and Supplemental Figure S2. For peak detection
and comparison using Spearman correlation in Supplemental
Figure S1, we used the bpeaks version 1.2 bioinformatics tool
(Merhej et al. 2014). We used the following parameters for thresh-
olds: T1 was the bottom outlier limit of UIP (untagged immuno-
precipitate control) coverage (Q3yp + 1.5IQRyrp), T2 was the top
outlier limit of UIP coverage (Qlyrp — 1.5IQRy;p), T3 was 0.3 (im-
munoprecipitate at least 1.23 times higher than UIP), and T4 was
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0. Using these criteria, we obtained for each replicate 2753 and
2466 peaks for Zip2, 2736 and 2545 peaks for Zip3, 3126 and
2853 peaks for Zip4, and 2037 and 2080 peaks for Spol6. Peaks
for Redl ChIP-seq and Spoll oligonucleotides were from Sun
et al. (2015) and Zhu and Keeney (2015) genetics, respectively.

Accession numbers

The ChIP-seq data generated in this study have been deposited at
the Gene Expression Omnibus database with accession number
GSE103877. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(Proteomics Identifications) partner repository with the data set
identifier PXD007735.
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