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ABSTRACT

Meiotic recombination ensures proper chromosome
segregation to form viable gametes and results in
gene conversions events between homologs. Con-
version tracts are shorter in meiosis than in mitoti-
cally dividing cells. This results at least in part from
the binding of a complex, containing the Mer3 heli-
case and the MutLp heterodimer, to meiotic recombi-
nation intermediates. The molecular actors inhibited
by this complex are elusive. The Pif1 DNA helicase
is known to stimulate DNA polymerase delta (Pol 3) -
mediated DNA synthesis from D-loops, allowing long
synthesis required for break-induced replication. We
show that Pif1 is also recruited genome wide to mei-
otic DNA double-strand break (DSB) sites. We further
show that Pif1, through its interaction with PCNA, is
required for the long gene conversions observed in
the absence of MutLp recruitment to recombination
sites. In vivo, Mer3 interacts with the PCNA clamp
loader RFC, and in vitro, Mer3-MutLp3 ensemble in-
hibits Pif1-stimulated D-loop extension by Pol 6 and
RFC-PCNA. Mechanistically, our results suggest that
Mer3-MutLp may compete with Pif1 for binding to
RFC-PCNA. Taken together, our data show that Pif1’s
activity that promotes meiotic DNA repair synthesis
is restrained by the Mer3-MutL3 ensemble which in
turn prevents long gene conversion tracts and pos-
sibly associated mutagenesis.

INTRODUCTION

Meiosis is a specialized cell division used by sexually re-
producing organisms to produce haploid gametes from a
diploid parent cell. Homologous recombination during the
first meiotic division prophase forms crossovers (COs) that
physically connect the homologs, which ensures their proper
segregation during the reductional division. Defects in these
processes result in aneuploidy and infertility. Meiotic re-
combination begins with genome-wide programmed DNA
double-strand breaks (DSBs) catalyzed by Spoll. These
DSBs are further processed by end resection, producing 3’
ends that preferably invade the homologous chromosome as
a repair template, resulting in the formation of a D-loop in-
termediate. D-loops are further processed to either COs or
non-crossover (NCOs) products. COs are majorly formed
through the ZMM (Zip-Msh-Mer) pathway, which includes
eight conserved proteins, Zipl-4, Spol6, Mer3, Msh4 and
Msh5 that are proposed to stabilize the D-loop intermedi-
ates (1,2).

Both COs and NCOs involve formation of heterodu-
plex DNA during DSB repair that may result in gene con-
versions after mismatch repair. Gene conversions influence
genetic diversity by promoting allelic transmission distor-
tion, hence it is necessary to control their extent, but the
regulatory factors are not fully known (3). In the bud-
ding yeast Saccharomyces cerevisiae, one of the three MutL
heterodimers, MutLp (Mlh1-Mlh2), along with Mer3, a
meiosis specific helicase and a ZMM member, is known
to limit the extent of meiotic gene conversions (4). MutL
is recruited to DSB hotspots through its interaction with
Mer3. The meiotic functions of MutLB depend on this
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interaction, which is lost in a mer3R893E point mutant.
MutL also specifically binds D-loop structures in vitro but
lacks endonuclease activity, contrary to the other MutL
heterodimers (4,5). The analysis of heteroduplex DNA
tracts lengths in a SK1/S288C hybrid background revealed
that m/h2 A (removing the Mlh2 subunit of MutLB) and
mer3 R893E single mutants have longer tracts than the ref-
erence at both CO and NCO sites. In this hybrid diploid,
the mlh2 A mutant still preferentially uses the ZMM path-
way for CO formation like wild-type cells but shows reduced
spore viability (4). As MutLB does not have any enzymatic
activity, it was proposed that the Mer3—-MutLf complex
acts as a physical barrier to the proteins involved in extend-
ing D-loops during meiotic DNA repair synthesis. The pro-
teins involved may comprise the DNA polymerase(s) them-
selves, but also other members of the replication machinery
or helicases (6,7).

One such candidate could be Pif1, a highly conserved 5’ to
3'-directed DNA helicase having multiple functions in mi-
tochondria and in the nucleus. Pifl has two isoforms, mi-
tochondrial and nuclear, which are generated by using the
first and the second start codons in PIFI mRNA, respec-
tively, and can be separately studied thanks to mutations
that affect the use of these start codons (8). Pifl was found
to inhibit telomere lengthening and de novo telomere addi-
tion (8), which was further confirmed by the discovery that
it is a negative regulator of telomerase in vitro (9). In addi-
tion, major functions of Pif1 include mitochondrial genome
maintenance, processing of Okazaki fragments, resolution
of G-quadruplex (G4) structures and DNA synthesis dur-
ing break-induced replication (BIR) (10).

In BIR, cells employ Pol & to synthesize DNA over very
long genomic distances, by strand-displacement synthesis
and bubble migration (11-13). The continuous DNA length
synthesized by Pol & in BIR is much longer than during
S phase, where it catalyses the synthesis of Okazaki frag-
ments on the lagging strand (13,14). Contrary to the lead-
ing strand DNA polymerase epsilon, Pol 8 does not interact
with the MCM helicase and is therefore thought to be less
processive (15). During BIR, Pifl is enriched at the DSB
site and along the repair template molecule, and comple-
mentarily, cells lacking nuclear Pifl are deficient in BIR
and show a decreased recruitment of Pol & (12,13). Be-
sides BIR, experiments in vegetatively growing cells have
shown that Pifl is also important for both long conver-
sion tracts and for crossovers during repair of a site-specific
HO DSB by homologous recombination (13). In agreement
with these in vivo results, in vitro, Pol 8-mediated DNA syn-
thesis is stimulated and produces longer extension products
in the presence of Pif1 (13). DNA unwinding thus allows ex-
tending DNA synthesis in the migrating D-loop structures
(13). Indeed, in the absence of Pifl, recombination inter-
mediates are not extended further than 1kb (13). In vitro,
Pifl does not physically interact with Pol 8, but interacts
through its C-terminal region with the essential cofactor
polymerase sliding clamp, PCNA (Proliferating Cell Nu-
clear Antigen) (16). A quadruple point mutant in the C ter-
minus of Pifl (pifl R3E) loses the interaction with PCNA,
produces shorter extension products from D-loops as com-
pared to wild type Pif1 in vitro, and decreases BIR efficiency
in vivo (16).
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The properties of Pifl to facilitate DNA synthesis in
D-loop structures prompted us to check its involvement
in the longer gene conversion events seen in mlh2A cells
during meiosis. We found that Pifl associates with DSB
hotspots during meiosis. The longer gene conversion events
observed in mlh2A cells require functional nuclear Pifl
and are dependent on the PifI-PCNA interaction. Further-
more, Mer3 interacts in vivo with Rfcl and Pifl, and in
vitro, the Mer3—MutLB complex inhibits Pifl function to
promote Pol 8 mediated D-loop extension. Our results sug-
gest that Mer3—-MutLp complex inhibits Pifl activity dur-
ing meiotic DNA repair synthesis resulting in limiting the
lengths of gene conversions.

MATERIALS AND METHODS
Yeast manipulations

All yeast strains are derivatives of the SK1 background
unless otherwise stated (genotypes in Supplementary Ta-
ble S1). All experiments were performed at 30°C. For syn-
chronous meiosis induction, cells containing the pCUPI-
IME]I construct were used and meiosis induced as described
(17,18). For strain constructions and spore viability mea-
surements, sporulation was performed on solid sporulation
medium for two days. For octad sequencing, sporulation of
S288CxSK 1 hybrids was performed in liquid cultures as de-
scribed (4).

Construction of yeast strains

Yeast strains were obtained by direct transformation or
crossing to obtain the desired genotype. Site-directed muta-
genesis, C-terminal tag insertions and gene deletions were
introduced by PCR. All transformants were validated us-
ing PCR to discriminate between correct and incorrect in-
tegrations, and sequenced to ensure epitope tag insertion
or mutagenesis. Mer3 and Pifl were C-terminally tagged
with the TAP tag sequence (19). Rfcl-TAP was described
previously (20). For Mer3, a GGGGSGGGGS linker was
added between Mer3 and the TAP sequence, as done previ-
ously for Mer3-Flag, to preserve spore viability (4). Pif1 was
tagged with 13 copies of the Myc epitope (21). pifim2 was
introduced by a two-step strategy using pJL73 (22). pifimn
was created by inserting the pCLB2 promoter in front of
the PIFI gene, using pFA6a-pCLB2-3HA-KanMX6 as a
plasmid template (23). The pifl R3E (I817R M820R L821R
R823E) mutation was introduced by CRISPR-Cas9 medi-
ated cleavage, as described (4).

Chromatin immunoprecipitation, real-time quantitative PCR
and ChIP-seq

For ChIP-qPCR or ChIP-seq analysis of Pifl-Myc, 2.5 x
108 or 1.2 x 10° cells, respectively, from pCUPI-IMEI syn-
chronized time-courses were processed at ¢ = 0 h (time of
meiosis induction) or at # = 5 h exactly as described (18,24).

Quantitative PCR was performed from the immunopre-
cipitated DNA or the whole cell extract using a 7900HT
Fast Real-Time PCR System and SYBR Green PCR master
mix (Applied Biosystems, Thermo Scientific) as described
(24). Results were expressed as % of DNA in the total input
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present in the immunoprecipitated sample and normalized
first by a negative control site on chromosome III, LDLR
(25) and then by the 0 h time-point. Primers for GATI,
BUD23, HIS4LEU?2 have been described (4).

Ilumina sequencing of ChIP DNA and read normalization

For ChIP-seq, immunoprecipitated DNA was purified and
analyzed by sequencing as described (18) on a Illumina
HiSeq2500 apparatus, generating paired-end 50 bp reads.
Pif1-Myc13 ChIP-seq was performed in duplicate at t = 5 h
in meiotic cells (VBD1907) synchronized with the copper-
inducible system. To obtain the DSB-specific Pif] ChIP-seq
signal, the negative control was Pifl-Myc13 ChIP-seq in a
DSB-deficient spoll strain (VBD1930) at the same time-
point, to reveal only DSB-specific Pifl binding sites. For
the analysis presented in Supplementary Figure S1A, the
Pif1-Mycl13 signal from VBDI1907 (SPOI1) or VBD1930
(spoll) was subtracted by the Mlh3-Myc ChIP-seq signal
from a spoll strain, in which M1h3 does not associate with
chromatin (24). Bioinformatic analyses for alignment, reads
normalization, smoothing were done as described before,
using custom R and Python scripts as well as the Galaxy
(www.galaxy.org) platform (18,26).

Genome-wide meiotic recombination events inferred from oc-
tad analysis

Genomic DNA from the eight meiotic products of single
meioses was prepared using Qiagen Genomic-tip 100 Kkit,
and sequenced using an Illumina HiSeq 2500 instruments.
We studied two octads of each genotype (pifim2, pifim?2
mlh2 A and pifl R3E mlh2 A). Sequencing reads from octad
were aligned on the S288C and SK 1 reference sequences to
genotype SNPs and deduce recombination events exactly as
described (4).

Label-free mass spectrometry analysis of Mer3-TAP com-
plexes

One liter (2.5 x 10'%) of cells at 5 h of a pCUPI-IMEI
synchronized meiosis from Mer3-TAP strain (VBDI1875)
or untagged Mer3 strain (VBD2119) as a negative control
were used. Each condition was made in four independent
replicates. PMSF (phenylmethylsulfonyl fluoride) to a final
concentration of 1 mM was added to the culture prior har-
vesting cells. Cells were washed with TAP lysis buffer (50
mM Tris/HCI pH 7.5; 1 mM EDTA; 0.5% NP-40; 10%
glycerol; 300 mM NaCl; 1 mM PMSF; 1 x Complete Mini
EDTA-Free (Roche); 1 x PhosSTOP (Roche)), resuspended
in about 2 ml of the same buffer and frozen as noodles in
liquid nitrogen. For lysis, cells were ground with a 6775
Freezer/Mill cryogenic grinder (SPEX SamplePrep). The
resulting powder was resuspended in 50 ml TAP Lysis buffer
plus 1 mM PMSF and 1x Complete EDTA-free protease
inhibitor cocktail (Roche). The lysate was cleared by cen-
trifugation at 4000 g for 10 min and then incubated with
1 ml (packed volume 600 wl) of 1gG Sepharose beads (GE
Healthcare) for 1 h at 4°C. The beads were washed three
times with TAP lysis buffer and resuspended in the same
buffer to 1 ml total. 60 .l packed beads were directly pro-
cessed for mass spectrometry analysis.

Proteins on beads were washed twice with 100 wl of 25
mM NH4HCO3 and subjected to on-beads digestion with
0.2 pg of trypsine/LysC (Promega) for 60 min in 100 w1 of
25 mM NH4HCOj3. Sample were then loaded onto a home-
made C18 StageTips for desalting. Peptides were eluted us-
ing 40/60 MeCN/H20 + 0.1% formic acid and vacuum
concentrated to dryness. Prior analyses, digests were recon-
stituted in 10 wL of 0.3% TFA in 2/98 MeCN/H20 and 5
wl were analyzed by LC-MS/MS using an RSLCnano sys-
tem (Ultimate 3000, Thermo Scientific) interfaced on-line
to an Orbitrap Fusion Tribrid mass spectrometer (Thermo
Scientific) as in (27). For identification, data were searched
against the S. cerevisiae UniProt database (UP000002311,
taxonomyID 559292) using SEQUEST-HT through pro-
teome discoverer (version 2.2). Enzyme specificity was set
to trypsin and a maximum of two-missed cleavage sites was
allowed. Oxidized methionine and N-terminal acetylation
were set as variable modifications. Maximum allowed mass
deviation was set to 10 ppm for monoisotopic precursor
ions and 0.6 Da for MS/MS peaks. The resulting files were
further processed using myProMS v3.9 (28). For identifi-
cation, FDR was calculated and was set to 1% at the pep-
tide level for the whole study. The label free quantification
was performed by peptide Extracted Ion Chromatograms
(XICs) computed with MassChroQ v2.2.1 (29). For protein
quantification, XICs from proteotypic peptides shared be-
tween compared conditions (TopN matching) with missed
cleavages were used. Median and scale normalization was
applied on the total signal to correct the XICs for each
biological replicate (n = 4). To estimate the significance
of the change in protein abundance, a linear model (ad-
justed on peptides and biological replicates) based on two-
tailed T-test was performed and P-values were adjusted
with a Benjamini-Hochberg FDR procedure. Proteins with
at least two-fold enrichment, adjusted P-value <0.05, and at
least three distinct peptides in all replicates were considered
significantly enriched in sample comparisons.

Coimmunoprecipitation and western blot analysis

1.2 x 10? cells were harvested, washed once with PBS, and
lyzed in 3 ml lysis buffer (20 mM HEPES/KOH pH7.5;
150 mM NaCl; 0.5% Triton X-100; 10% glycerol; 1 mM
MgCly; 2 mM EDTA; 1 mM PMSF; 1x Complete Mini
EDTA-Free (Roche); 1x PhosSTOP (Roche); 125 U/ml
benzonase) with glass beads three times for 30 s in a Fast-
prep instrument (MP Biomedicals, Santa Ana, CA, USA).
The lysate was incubated 1 h at 4°C. 100 nl of PanMouse
IgG magnetic beads (Thermo Scientific) were washed with
100 pl lysis buffer, preincubated in 100 wg/ml BSA in ly-
sis buffer for 2 h at 4°C and then washed twice with 100
wl lysis buffer. The lysate was cleared by centrifugation
at 13 000 x g for 5 min and incubated overnight at 4°C
with washed PanMouse IgG magnetic beads. The magnetic
beads were washed four times with 1 ml of wash buffer
(20 mM HEPES/KOH pH?7.5; 150 mM NacCl; 0.5% Tri-
ton X-100; 5% Glycerol; 1 mM MgCly; 2 mM EDTA;
I mM PMSF; 1x Complete Mini EDTA-Free (Roche);
1x Phos- STOP (Roche)). The beads were resuspended in
30 pl of TEV-C buffer (20 mM Tris/HCI pH §; 0.5 mM
EDTA; 150 mM NaCl; 0.1% NP-40; 5% glycerol; 1 mM
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MgCly; 1 mM DTT) with 4 wl TEV protease (1 mg/ml)
and incubated for 2 h at 23°C under agitation. The elu-
ate was transferred to a new tube. Beads eluate was heated
at 95°C for 10 min and loaded on polyacrylamide gel (4—
12% Bis—Tris gel (Invitrogen)) and run in MOPS SDS Run-
ning Buffer (Life Technologies). Proteins were then trans-
ferred to PVDF membrane using XCell II™ Blot Module
(ThermoFisher Scientific) at 25 V constant for 2 h. Pro-
teins were detected using c-Myc mouse monoclonal anti-
body (9E10, Santa Cruz, 1/500), Flag mouse monoclonal
antibody (M2, Sigma, 1/1000) or TAP rabbit monoclonal
antibody (CAB1001, Invitrogen, 1/2000). The TAP anti-
body still detects the CBP (Calmodulin Binding Protein)
moiety after TEV cleavage of the TAP tag. Signal was de-
tected using the SuperSignal West Pico or Femto Chemilu-
minescent Substrate (ThermoFisher). Signal was quantified
after image acquisition with Chemidoc system (Biorad).

Protein purification

The purification procedure for Mer3 helicase-dead (Mer3
K167A or Mer3-hd) and MutL was as described (4). Yeast
RPA was expressed in BL21 (DE3) pLysS cells (Promega)
from pl1d-scRPA vector (a kind gift from M. Wold, Uni-
versity of Towa) and purified as described for human re-
combinant RPA (30). PCNA and RFC were expressed in
Escherichia coli and purified according to previously estab-
lished procedures (31,32). The three-subunit Pol 8 was ex-
pressed in the yeast train WDH668 as described previously
(33) and purified according to existing protocols (13,34).
The sequences for the expression of FLAG-Pif1 (aa 40-859)
and FLAG-Rad54 were codon-optimized for the expression
in E. coli and obtained from GenScript. The genes were
cloned into pMALT-P (Kowalczykowski laboratory) using
Ndel and Pstl restriction sites. The proteins were expressed
in BL21 (DE3) pLysS cells (Promega) induced with 0.5 mM
isopropyl-1-thio B-D-galactopyranoside (IPTG) for 16 h at
18°C (21 for each construct). After collection, cells were re-
suspended and sonicated in 300 mM NaCl Buffer A (50
mM Tris-HCI pH 7.5, 1 mM PMSE, 0.5 mM BME, 10%
glycerol and 1 mM EDTA) supplemented with 1:500 Pro-
tease Inhibitor cocktail (Sigma, P8340), 30 wg/ml Leu-
peptin (Merk Millipore) and 0.1% NP40. The lysate was
clarified by centrifugation and the soluble extract was in-
cubated with M2 anti-FLAG affinity resin (Sigma) at 4°C
for 1 h. The resin was washed with 300 mM Buffer A sup-
plemented with 0.1% NP40. The salt concentration was de-
creased with a wash step to 150 mM NaCl first with and
then without 0.1% NP40. The protein was eluted using
Buffer A with 150 mM NaCl and 200 pg/ml 3x FLAG pep-
tide (Sigma). Peak fractions were pooled, aliquoted, snap-
frozen in liquid nitrogen and stored at —80°C. The yield was
~40 wg for Pifl and ~25 pg for Rad54 from 2 | of culture
each. For Rad51, the codon-optimized sequence for bac-
terial expression was ordered from GenScript and cloned
into pMALT-P using BamHI and Pstl. The resulting vec-
tor expresses the Rad51 protein with a N-terminal MBP-
tag cleavable by PreScission Protease. The protein was ex-
pressed as described above. The cell pellet from 2 1 was re-
suspended and sonicated in 500 mM NaCl Buffer A (50
mM Tris-HCl pH 7.5, 1 mM PMSF, | mM DTT, 10% glyc-

Nucleic Acids Research, 2021, Vol. 49, No. 8 4525

erol) supplemented with 1:500 protease inhibitor cocktail
(Sigma, P8465). The soluble extract obtained by centrifu-
gation was supplemented with 0.01% NP40 and incubated
with amylose resin (New England Biolabs) at 4°C for 1 h.
The resin was washed with Buffer A with 1 M NaCl and
subsequently with Buffer A with 300 mM NaCl but with-
out PMSF. The protein was eluted in 300 mM NaCl Buffer
A without PMSF supplemented with 10 mM maltose. Peak
fractions were pooled and incubated with PreScission Pro-
tease (1:7, w/w) for 1 h at 4°C. The cleaved protein was di-
luted with 20 mM Tris—HCI pH 7.5 to reach 150 mM NaCl
and loaded onto pre-equilibrated HiTrap Q HP column
(GE Healthcare). The column was washed with 200 mM
NaCl Buffer R (20 mM Tris-HCI pH 7.5, 1l mM EDTA, 0.5
mM DTT and 10% glycerol). The protein was eluted with a
salt gradient up to 700 mM NaCl in the same buffer. Peak
fractions were pooled and dialyzed overnight against 100
mM NaCl Buffer R without EDTA. The dialyzed sample
was aliquoted, snap-frozen in liquid nitrogen and stored at
—80°C. The yield was ~2 mg from 2 | of culture.

Biochemical assays

The procedure to prepare the D-loop substrate for the heli-
case assay and the DNA binding experiments was described
before (35) with minor modifications.

Helicase assays were performed in 15 pl of reaction buffer
containing 35 mM Tris-HCI pH 7.5, | mM DTT, 7 mM
MgCl, 0.1 mg/ml BSA, 2 mM phosphoenolpyruvate (PEP),
2 mM ATP and 80 U/ml Pyruvate kinase (Sigma). 1 nM
of the D-loop substrate (in molecules) was incubated with
65.55 nM RPA and the indicated proteins for 30 min at
30°C. The reactions were then stopped with 5 pl of stop
solution (150 mM EDTA, 2% SDS, 30% glycerol, 0.25%
bromophenol blue) and 1 pl Proteinase K (14-22 mg/ml,
Roche). Stopped reactions were incubated for 10 min at
30°C. The products were separated on native 10% poly-
acrylamide gels (acrylamide: bisacrylamide 19:1, Biorad).
The gels were then dried and exposed to storage phosphor
screens (GE Healthcare). The exposed screens were scanned
using Typhoon FLA 9500 (GE Healthcare) and quantitated
by ImageJ software.

DNA binding assays were carried out in binding buffer
containing 1 nM substrate (in molecules), 35 mM Tris—HCI
pH 7.5, 1 mM DTT, 7 mM MgCl, 0.1 mg/ml BSA and 2
mM ATP. The indicated proteins were added on ice and the
reactions were incubated for 30 min at 30°C. After incuba-
tion, the reactions were supplemented with 5 pl of load-
ing dye (50% glycerol and 0.25% bromophenol blue) and
separated on native 4% polyacrylamide gels (acrylamide:
bisacrylamide 19:1). Gels were processed and quantitated
as described above.

D-loop extension assays were performed as described
previously (13) with minor modifications. Briefly, the 90-
mer oligonucleotide substrate (2.4 wM in nucleotides) was
incubated with Rad51 (533 nM) in reaction buffer (final
concentrations: 35 mM Tris—-HCIpH 7.5, 1 mM DTT, 7mM
MgCl, 0.1 mg/ml BSA, 2 mM PEP, 2 mM ATP, dNTPs 100
M each and 80 U/ml Pyruvate kinase) for 10 min at 37°C.
To visualize the extended D-loop, 80 nCi/pl (final concen-
tration) of [a->?P]-dCTP (Perkin Elmer) was added to the
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reaction. The reaction was then supplemented with RPA
(400 nM) and further incubated for 5 min at 37°C. After the
incubation Rad54 (40 nM) was added and incubation con-
tinued for 2 min at 23°C. pUC19 plasmid donor (36 uM in
base pairs) was incorporated and incubation proceeded for
2 min at 30°C. RFC and PCNA (50 nM each) were added
and the reaction was placed on ice for 2 min. Pol 8 (40 nM),
Pif1 (20 nM) and the indicated concentration of Mer3-hd
and MutLp were added and the reaction was incubated for
15 min at 15°C. Reactions were stopped with 5 .l of stop so-
lution (150 mM EDTA, 2% SDS, 30% glycerol, 0.25% bro-
mophenol blue) and 1 pul Proteinase K, and incubated for 10
min at 37°C. The products were separated by 1% agarose gel
electrophoresis. Gels were dried and processed as described
above.

DNA extension reactions (15 wl) were carried out as de-
scribed previously (34), using an oligonucleotide with 30 nt
flap annealed to a plasmid based circular ssDNA (3197 nt)
as a substrate. The reaction contained 25 mM Tris-acetate
pH 8.5, 10 mM magnesium acetate, 125 mM NaCl, 1 mM
ATP, 1 mM DTT, 0.1 mg/ml BSA, 1 mM PEP, 80 U/ml
pyruvate kinase, 100 wM dNTPs (each), 100 ng DNA sub-
strate, 20 nM PCNA, 20 nM RFC, 1 uM RPA (concentra-
tion saturating 100% ssDNA). The reaction was assembled
on ice and pre-incubated for 1 min at 30°C. Next, 5 nM Pol
d and indicated amounts of Mer3-hd and MutL respec-
tively were added and the reaction was incubated at 30°C
for given time points before termination by the addition of
5 pl of STOP buffer (30 mM EDTA, 2% SDS, 30% glycerol
and 1 mg/ml bromophenol blue) and 1 pl proteinase K (14—
22 mg/ml, Roche). The reaction was further incubated for
15 min at 30°C for deproteination. The extension products
were analysed on 1% agarose gel containing GelRed (1:10
000 v/v, Biotium) in TAE buffer. The gels were imaged by
gel imager (InGenius3, GeneSys), the bands were quanti-
tated using ImageQuant (GE Healthcare) and expressed as
percentage of total DNA synthesis (extension) for each pro-
tein combination.

RESULTS
Pif1 occupies meiotic DSB hotspots genome wide

To find proteins involved in producing longer gene conver-
sions when the loading of MutLf is lost, we tested the in-
volvement of the Pif1 helicase. If Pif] promotes longer gene
conversions in the absence of MutL loading, Pif1 should
be present at DSB hotspots. Hence, we first tested whether
Pif1 was recruited to DSB hotspots during meiosis. We per-
formed chromatin immunoprecipitation followed by gPCR
analysis from synchronous meiotic cultures of Myc-tagged
Pifl cells at 5 h in meiosis, the expected time of meiotic
DSB repair (24). Pif1-Myc was associated with the analyzed
DSB hotspots in wild-type and m/h2 A cells but not in the
spollY135F mutant, indicating a DSB-dependent recruit-
ment of Pifl to recombination sites (Figure 1A). The dele-
tion of MLH?2 did not modify enrichment of Pifl to DSB
sites, suggesting that Pifl recruitment to DSB hotspots oc-
curs independently of MutLp.

Pif1 was previously reported to associate with difficult
to replicate regions such as G4-prone sequences (36) and

tRNA genes (37). To further explore Pifl distribution dur-
ing meiosis, we performed ChIP-seq analysis for Pifl-Myc
from cells at 5 h in meiosis. Independently of meiotic DSB
formation, Pifl was significantly enriched at tRNA genes,
as previously described for a few tRNA loci (Supplemen-
tary Figure SIA and Supplementary Table S2) (37). How-
ever, it was not enriched at sequences forming G4 or con-
taining a G4 motif, contrary to what was reported in vege-
tatively growing cells (Supplementary Figure S1A and Sup-
plementary Table S2). We next compared the DSB-specific
Pif1 signal (see Materials and Methods) with DSB hotspots,
Mer3 peaks (24) and chromosome axis-associated Redl
peaks, which interact with DSB sites during recombination
(38). As expected from our qPCR analyses, the DSB-specific
Pif1 signal correlated positively with DSB as well as with
Mer3 signal (Figure 1B). Like Mer3, Pifl peaks were mostly
around DSB sites (Figure 1C and D) and globally, the Pifl
binding profile did not appear correlated to that of axis-
associated Red1 binding (Figure 1B). However, a weak Pifl
signal was detected at axis-associated sites (Figure 1C and
D), like for many other DSB-related proteins, most likely a
consequence of recombination sites being transiently asso-
ciated with the axis sites (39). Conversely, Pifl was not de-
tected above background with DSB coldspots (Figure 1D,
middle panel), suggesting that Pifl is specifically recruited
to DSB hotspots during meiosis. We wondered if Pifl might
be more required during DSB repair at sites containing
tRNA genes or G4-prone sequences. However, we did not
observe a stronger binding of Pifl to DSB containing such
structures (Supplementary Figure S1B and Supplementary
Table S2). Instead, Pif1 enrichment per DSB was rather uni-
form along the genome (Supplementary Figure S1C). This
indicates that Pifl is likely part of the DSB repair machinery
by homologous recombination, regardless of the presence
of difficult to replicate DNA structures.

Pif1 is required for longer gene conversions in mlh2 A

Since Pifl was associated with meiotic DSB sites, we tested
whether it affected the length of recombination events. Due
to the essential function of Pifl in mitochondria, pifl A cells
cannot sporulate. Therefore, we used a pifim2 allele, which
has a point mutation at the second ATG of PIF1 gene result-
ing in the loss of Pif1 from the nucleus while keeping a func-
tional Pifl in mitochondria (8), or a meiotic-null (pifimn)
allele, allowing the specific depletion of Pif1 in meiosis. In-
deed, in the SK 1 background, both pifim2 and pifimn cells
underwent meiosis and showed modestly, but significantly,
reduced spore viability (Supplementary Figure S2A and
Supplementary Table S3), suggesting a possible defect in re-
combination. To assess Pifl function in recombination, we
used S288C*SK 1 msh2 A hybrid diploids to sequence all the
eight DNA strands generated after meiosis from one ‘oc-
tad’ (Figure 2A). We sequenced meiotic products of pifim2
and pifim2 mlh2 A mutants and compared the results with
our previous data, where a significant increase in the length
of CO- and NCO- associated heteroduplex DNA (hDNA)
tracts had been seen for the single milh2 A mutant (4).

In the m/h2 A mutant, the mean length of all hDNA tracts
is 3.0 kb (2.2 median) as compared to 1.3 kb (1.0 me-
dian) in the reference (4). In pifim2, hDNA tracts had a
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Figure 1. Pifl occupies meiotic DSB hotspots genome wide. (A) Pifl-Myc levels at the three indicated meiotic DSB hotspots relative to a negative control
site (LDLR) assessed by ChIP and qPCR at the 5 h time-point of meiotic time-courses. The signal is further normalized to the signal observed at t = 0
h. Values are the mean + S.E.M. from the indicated number of independent experiments. (B) Correlation heatmap between DSBs, Red1, Mer3 and Pifl
ChlIP-seq signals. For each replicate, normalized binding data of the indicated protein were used after smoothing with a 2000 bp window. Mer3 and Spol1
oligo data are from (24) and Red1 data are from (38). The comparison was made on the regions encompassing the Red1 peaks (933 peaks) (38), the strongest
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(C) ChIP-seq analysis of Pif] binding compared to the binding of Mer3 (24), to DSBs (Spol1 oligos (24)), and to chromosome axis attachment sites (Red1
ChIP-seq (38)). Normalized data are smoothed with a 200 bp window. (D) Average ChIP-seq signal at the indicated features. Same data as in (C). The
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(24), or on the summit of the Redl peaks (38).

mean length of 1.2 kb (median 1.0), not statistically dif-
ferent from the reference (Figure 2B and Supplementary
Table S4). Strikingly, the pifim2 mlh2A double mutant
hDNA tracts had a mean length of 1.2 kb (median 1.0),
similar to the reference and pifim2, and significantly re-
duced compared to mlh2 A (Figure 2B). The same behavior
was observed when examining CO-associated and NCO-
associated events separately, with one notable exception:
for CO-associated events, pifim2 tracts had a slightly but
significantly reduced length (mean 1.4 kb, median 1.1 kb)
compared to the reference (mean 1.6 kb, median 1.4kb),
(Figure 2C). In addition, a closer examination revealed that
piflm2 produced a higher proportion of short tracts (less
than 0.3 kb) than the reference (16% versus 10%, respec-
tively, P = 0.009, Fisher’s exact test) (Supplementary Table
S4), revealing a minor function of Pifl for the extension of
conversion tracts, even in MLH?2 cells. In this S288C*SK 1
hybrid background, the single mih2 A and pifIm2 mutants
had reduced spore viability (Supplementary Figure S2B).
However, when combined together, the double mutant had
no further reduction of spore viability, consistent with the
suggestion that pif/m2 mutation suppresses the defect of
milh2 A (Supplementary Figure S2B).

We previously showed that the longer hDNA tracts in
the absence of MutLB recruitment were accompanied by
an increased spore viability of zmm mutants (4). Consis-
tent with our octad results, we found that both pifim?2
and piflmn, which have only a modest spore viability de-
fect on their own, suppressed this increase in spore viabil-
ity of zmm mutants, further confirming the specific func-
tion of Pifl in the absence of MutLp recruitment (Figure
2D). Next, we designed a separation-of-function mutant
of MLH?2, called mlh2 A500-536, which specifically abol-
ishes the interaction of M1h2 with Mer3, but not with Mlh1
(Supplementary Figure S3A—-C). This mutant behaved ex-
actly as mlh2 A in terms of spore viability and suppression
by Pifl mutation (Supplementary Figure S3D), indicating
that the Mer3-MutL interaction is relevant for the effect
of Pifl.

All these data show that Pifl has a modest function to
maintain a normal length of hDNA tracts in wild type, but
is specifically involved in the formation of longer hDNA
tracts in the absence of Mlh2. This is reminiscent to the
function of Pifl in BIR, and thus prompted us to in-
vestigate if this function was linked to the stimulation of
Pol 3.
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Figure 2. Pifl is required for longer gene conversions in m/h2 A through its interaction with PCNA. (A) Scheme of the experimental system to measure
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to sequence DNA of the two daughters, allowing the recovery of the 8 DNA recombined strands (from one ‘octad’) from the initial diploid cell. (B) hDNA
tracts lengths from meioses of the indicated genotype, all strains being also msh2 A. The red horizontal bar indicates the mean value of pooled events from
the meioses analyzed (4 meioses of WT and 2 meioses of each other relevant genotype). WT and m/h2 A data are from (4). See also Supplementary Table S4.
(C) Same as in (B) but for NCO- or CO-associated tracts. (B) and (C): Mann Whitney test P-values are indicated. (D) Effect of m/h2 A and pif] mutants on
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Pif1 interaction with PCNA plays an important role in longer
gene conversions in mlh2 A

Pifl enhances DNA synthesis by Pol 8 at least in part
through its interaction with PCNA (16). We therefore in-
vestigated the pif7 R3E mutant, which fails to interact with
PCNA (16). The pifl R3E mutant cells sporulated and
showed the same spore viability as wild type, confirming
that other functions of Pifl are maintained in this separa-
tion of function mutant (Supplementary Figure S2A).

As expected from a role for the interaction with PCNA,
the PifIR3E protein was less recruited to DSB sites than
wild-type Pifl (Figure 2E). Hence, we checked if the Pifl-
PCNA interaction was important for longer recombination
events in mlh2 A cells. We analyzed patterns of hDNA of
PiflR3E mlh2 A double mutant in the S288C*SK1 msh2 A
hybrid. Like pifim2 mlh2 A, the pifl R3E mlh2 A mutant
showed hDNA tracts lengths (mean 1.5 kb, median 1.1)
that were similar to the reference (mean 1.3 kb, median
1.0) (Figure 2B). When considering only the NCO events,
pifl R3E mlh2 A showed however slightly longer tracts than
the reference (mean 1.2 versus 1.0 kb, median 1.1 versus 0.75
kb), meaning that the suppression of mlh2 A may be partial

(Figure 2C). However, in all cases, tracts were considerably
shorter in the double pifi R3E mlh2 A mutant compared to
the single m/h2 A (Figure 2B and C). The pifl R3E also de-
creased spore viability of msh4A mlh2 A, as pifim?2 (Figure
2D). Together, these data show that the direct interaction of
Pifl with PCNA is important for the generation of longer
tracts observed in the absence of MutL(3.

Mer3 interacts with Rfcl and Pif1 in vivo

Mer3 belongs to the group of pro-crossover ZMM proteins,
but our data show that it also acts earlier, as early as the
D-loop intermediate stage, when it recruits MutLp to mei-
otic DSB hotspots (present study and (4)). To identify its
potential additional partners in vivo, we performed a TAP
pulldown of Mer3 in synchronous meiotic cultures at 5 h
in meiosis and analyzed pulled down proteins by label-free
quantitative mass spectrometry, comparing Mer3-TAP and
Mer3 untagged strains. In addition to the expected presence
of Mlh1 and M1h2 (MutL), we identified Rfcl, the subunit
of RFC, the PCNA clamp loader, as a specific interactant
(Figure 3A and Supplementary Table S5). We confirmed
this interaction by the reverse co-immunoprecipitation of
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Mer3-Flag by Rfc1-TAP (Figure 3B). This indicates that in
vivo, Mer3 is present at the sites of DNA synthesis, where
RFC together with PCNA promotes D-loop extension by
Pol & (6). This suggests that Pifl and Mer3 are present on
recombination intermediates at the same stage. Although
we did not detect Pifl significantly enriched in our Mer3-
TAP pull downs mass spectrometry analyses, we did detect
Mer3 in Pif1-TAP pull downs by western blot (Figure 3B),
and confirmed this interaction by the reciprocal pull-down
of Pif1 by Mer3-TAP (Figure 3C). These data are consistent
with Mer3 acting during meiotic DNA repair synthesis, at
the same sites and at the same stage as Pifl.

The Mer3-MutLf3 ensemble inhibits Pifl in vitro

Pif1 is known to facilitate the formation of extension prod-
ucts by Pol & from D-loop substrates (13). Using purified
recombinant proteins and an assay similar to that used pre-
viously (Figure 4A and Supplementary Figure S4A) (13),
we asked whether the Mer3-MutL ensemble inhibits Pif1
function in vitro. D-loops were formed with plasmid DNA
and unlabeled ssDNA oligomer in the presence of purified
Rad51, Rad54 and RPA (Supplementary Figure S4B). D-
loops were extended by Pol 3, RFC and PCNA, in the pres-
ence of labelled dCTP (Figure 4A). We then tested the effect
of different combinations of Pifl, Mer3-hd (Mer3K167A

helicase-dead mutant) and MutLB on this reaction. Under
the conditions used, in the absence of Pifl, only short ex-
tension products were seen (Figure 4A lane 2), while the
addition of Pif1 resulted in longer extension products (Fig-
ure 4A lane 3). Alone, the addition of MutLf at 3 nM con-
centration or of Mer3-hd at 0.5 nM induced a modest de-
crease in D-loop extension products compared to Pif1 alone
(Figure 4A lanes 4 and 6). By contrast, when MutLB and
Mer3-hd were combined in the reaction, a much stronger re-
duction in the extension products was observed (Figure 4A
lane 8). Importantly, at these concentrations, neither Mutl3
nor Mer3-hd by themselves detectably bound D-loop struc-
ture in Electrophoretic Mobility Shift Assay (EMSA) (Sup-
plementary Figure S5). This indicates that this inhibition
of Pifl by Mer3-MutLp is specific to the D-loop exten-
sion actors and not related to mere binding of Mer3 and
MutLB to branched DNA substrates. At higher concen-
trations tested (5 nM Mer3 and 30 nM MutLp), the pro-
teins bound D-loops substrates by themselves, and there-
fore the effect on Pifl is more difficult to interpret (Figure
4A and Supplementary Figure S5). In addition, although
Mer3 had a modest inhibitory effect on D-loop unwinding
by Pif1, likely because of its affinity for this substrate, the
addition of MutLB did not further enhance this inhibition
(Supplementary Figure S6A). Finally, Mer3 and MutLp,
alone or in combination, had no effect on DNA extension
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Figure 4. The Mer3-MutLB ensemble inhibits Pifl in vitro. (A) Pifl-stimulated D-loop extension by Pol 8. The experimental scheme for the D-loop
extension assay from an unlabeled invading strand with [*>P]-dCTP is adapted from (13). See also Supplementary Figure S4. D-loop extension assay in the
presence of the indicated combinations of Pifl, MutLB (Mlh1-M1h2) and Mer3-hd. Products were resolved by a native gel electrophoresis. A representative
gel from four independent experiments is shown. The D-loop extension was quantified as percentage of the signal in the Pif1 lane of the relative experiment.
The mean values £+ S.E.M. are plotted from the four repeats. Statistical test: paired # test. **P < 0.01. *P < 0.05. See also Supplementary Figure S5. (B)
Kinetic analyses of primer extension by Pol 8 in the presence of MutLB or Mer3-hd. Quantification of the data are the mean values = S.E.M. of three
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by Pol & (Figure 4B and Supplementary Figure S6B). To-
gether, these experiments indicate that the Mer3- MutL3
ensemble specifically inhibits the Pif1-promoted DNA syn-
thesis at D-loops.

DISCUSSION

We report here that Pifl plays a role during DNA synthe-
sis upon programmed meiotic break repair by homologous
recombination. Our results thus reveal that Pif1 is not only
required for BIR in vegetative cells, where one of the DSB
ends is lost and a special replication bubble mediates DNA
synthesis, but it is also involved during meiotic recombina-
tion events, especially when longer DNA synthesis by Pol &
takes place. This need for Pif1 is likely related to the fact that
Pol 8, normally involved in lagging strand synthesis during
S phase, does not interact with MCM, and therefore needs
a helicase activity ahead to proceed over longer distances
(6). We also found that Mer3-MutLp restricts the Pol 8-
mediated DNA synthesis by inhibiting Pif1, and therefore
controls the length of meiotic heteroduplex DNA.

We found that Pif1 is recruited to programmed meiotic
DSBs made by Spol1 (Figure 5, step (1)). Interestingly, Pifl
did not bind more at meiotic DSBs containing specific DNA
features, such as G4 sequences or tRNA genes, proposed to
be bound by Pifl during DNA replication (36,37,40), sug-
gesting that Pifl is part of the normal machinery for DSB
repair by homologous recombination. However, in other-

wise wild-type cells, Pif1 only moderately contributes to the
length of heteroduplex DNA. Its recruitment might there-
fore be a safeguard to allow DNA Pol 8 to proceed, in case
it encounters an obstacle such as DNA secondary structure
or a R-loop, that would prevent the DNA synthesis required
for DSB repair to take place. Our data reveal that specifi-
cally in meiotic cells, the activity of Pifl at DSBs is neverthe-
less restrained, such that long DNA synthesis events, going
over the size of resection tracts, are not permitted (Figure
5, left, step (2)).

During homologous recombination, DNA synthesis af-
ter end resection typically occurs in two steps, irrespective
of a crossover or non-crossover outcome (Figure 5): at the
first step, DNA synthesis occurs from the DSB end that
invaded the homologous duplex and formed a D-loop in-
termediate. This step requires progressing through the D-
loop and therefore involves strand-displacement (step (2)).
At the second step, upon capture of the second end by the
D-loop (DSBR) or first strand reannealing to the parental
strand (SDSA), DNA synthesis operates through a gap fill-
ing mechanism (step (3)) (6). It was recently shown that for
BIR, the two steps of DNA synthesis required employ Pol
d (14). In ‘normal’ two ended-DSB repair by homologous
recombination, although the first step is known to employ
Pol 8, it is not known if the second does as well and if it
could be influenced by the activity of Pifl (6). From our
genetic analyses of hDNA tracts, for the NCO events re-
sulting from SDSA, we can unambiguously infer the tract
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of heteroduplex as resulting from first-end DNA synthesis
(41), and these tracts are clearly much longer in the absence
of Mer3-MutLB, where they are promoted by Pif1 ((4) and
this study). Unfortunately, the current way to analyze the
tracts of DNA synthesis through the indirect measurement
of hDNA tracts does not allow detection of second-end
DNA synthesis during SDSA, nor distinction between first
and second end synthesis for the CO events. However, we
noticed that CO-associated hDNA tracts, which can result
from first or second-end synthesis, are on average less in-
creased than the NCO in the absence of Mer3-MutLp (4).
This would be compatible with the second end gap filling
synthesis not being increased, and maybe not involving Pif1.
Other experimental approaches, such as the direct detection
of DNA synthesis from single events will be required to pre-
cisely determine the regulation of the two types of DNA
synthesis. Finally, our biochemical experiments clearly in-
dicate that Mer-MutLB act specifically on Pifl-promoted
DNA synthesis by Pol 8, which is also compatible with a
specific effect on the first end DNA synthesis.

Based on our genetic and biochemical experiments, we
therefore propose that in the absence of the Mer3-MutL3
control, Pifl over-stimulates DNA synthesis during the
first, strand-displacement, DNA synthesis (Figure 5, right,
step (2)).

We can next envisage several modes of regulation by
Mer3-MutLB. First, the Mer3-MutLB ensemble may be
promoting second end capture or stand-reannealing. This
would naturally stop the first end DNA synthesis by in-
creasing the physical barrier to Pol 8 progression. Therefore,
in the absence of Mer3-MutLB, DNA repair synthesis and
second DSB end capture/re-annealing activity would be un-
coupled and this would mimic a ‘BIR-like’ situation, as if
one DSB end was temporarily lost. However, this does not
fit well with our in vitro data, which point to a more direct

effect of Mer3-MutLB on the strand-displacement activity
of Pol & stimulated by Pifl. As an alternative, since Rfcl
is pulled-down with Mer3 from cells synchronously un-
dergoing recombination, we propose that somehow, Mer3-
MutLg impede Pif1 action, possibly by competing for bind-
ing to RFC-PCNA after initial binding of Pifl. Binding
of Mer3-MutLB to RFC-PCNA would preclude Pifl from
persisting for a longer time and over-stimulating Pol 8. It
would be interesting to determine how Mer3 interacts with
RFC-PCNA, and why the presence of MutLf is required
with Mer3 to slow down DNA synthesis.

Besides its specific recruitment to meiotic DSBs, it is
noteworthy that we did not detect any preferential binding
of Pifl to G4-prone sites in the genome in our meiotic
samples. A possible explanation is that our highly syn-
chronous meiotic cells are in a G2-like phase and do not
experience DNA synthesis, contrary to cells in exponential
phase where Pifl occupancy was previously addressed
(36). This is also consistent with models proposing that
Pifl unwinds G4-prone sequences during S phase, to
prevent chromosome rearrangements (36,42). It would
be interesting to test if removal of G4 by Pifl occurs
in the context of DNA synthesis, when Pifl works with
PCNA and Pol 8. For this, the pifl R3E mutant could be
tested for its effect on the stability of a G4-containing
minisatellite (22). At tRNA genes, we did detect a signif-
icant Pifl enrichment in meiotic cells. It is possible, as
suggested before, that at these sequences, Pifl removes the
R-loops formed because of replication/transcription

collisions, outside or after S phase, prior to
chromosome condensation and the first meiotic
division (37).

Gene conversions resulting from the formation of het-
eroduplex are good to generate new allelic combinations,
participating to genetic map distortions, but are also at risk
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of breaking favorable ancestral allele combinations (3). This
may be why the generation of long gene conversion events
is kept in check during meiosis, but it could also be to avoid
the possibly mutagenic associated DNA synthesis.
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