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Abstract

Homologous recombination involves the formation of branched DNA molecules that may interfere with chromosome segregation. To resolve
these persistent joint molecules, cells rely on the activation of structure-selective endonucleases (SSEs) during the late stages of the cell cycle.
However, the premature activation of SSEs compromises genome integrity, due to untimely processing of replication and/or recombination
intermediates. Here, we used a biochemical approach to show that the budding yeast SSEs Mus81 and Yen1 possess the ability to cleave
the central recombination intermediate known as the displacement loop or D-loop. Moreover, we demonstrate that, consistently with previous
genetic data, the simultaneous action of Mus81 and Yen1, followed by ligation, is sufficient to recreate the formation of a half-crossover precursor
in vitro. Our results provide not only mechanistic explanation for the formation of a half-crossover, but also highlight the critical importance for
precise regulation of these SSEs to prevent chromosomal rearrangements.
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Homologous recombination (HR) is an evolutionary- translocations, or gross chromosomal rearrangements, which

conserved pathway for the repair of DNA double-stranded
breaks (DSB), interstrand crosslinks, and protection and pro-
cessing of stalled replication forks. It relies on the presence
of a homologous sequence as a repair template, primarily
during the S and G2 phases of the cell cycle when the sister
chromatid is available. However, HR occurring between non-
allelic regions or homologous chromosomes may result in

have been implicated in human diseases (1,2).

DSB repair through HR involves several sub-pathways, in-
cluding synthesis-dependent strand annealing (SDSA), double-
strand break repair (DSBR), and break-induced replication
(BIR). These pathways involve initial resection of the DNA
ends to generate 3'-single-stranded DNA (ssDNA) tails (3).
These ssDNA tails are rapidly bound by replication protein
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A (RPA), a ssDNA-binding protein, which is subsequently re-
placed by Rad51 recombinase and facilitated by Rad52 and
Rad51 paralogs in budding yeast (4). The resulting Rad51-
ssDNA nucleofilament enables homology search and DNA
strand invasion into a donor template. This invasion event
creates a joint molecule known as a displacement-loop (D-
loop), which represents the central intermediate in HR repair
(2,5-7). In yeast, Rad54 is required for D-loop formation and
consequent Rad51 displacement from the heteroduplex DNA
(8=11), enabling DNA polymerase (Pol) & access to the in-
vading 3’-end (12). To prevent the formation of undesirable
crossovers (COs), extended D-loops can be disrupted by he-
licases such as Sgs1-Top3-Rmil (STR) (13), Srs2 (14,15) or
Mph1 (16,17). The extended, displaced strand anneals with
the second end of the original DSB within SDSA pathway,
leading exclusively to non-crossovers (NCO). Alternatively, if
the displaced strand of the extended D-loop reanneals with
the second end of the initial DSB, it may lead to the forma-
tion of a double Holliday junction (dH]J) (18), the character-
istic intermediate of the DSBR model. The dH]J can be either
dissolved by the STR complex, generating exclusively NCOs
(19,20) or cleaved by structure selective-endonucleases (SSEs),
such as SIx1-SIx4, Mus81-Mms4 (Mus81), and/or Yen1, gen-
erating both NCOs and COs (21,22).

However, when only one end is available for annealing, as
in single-ended DSBs at collapsed replication forks or eroded
telomeres, the repair proceeds through BIR (23). This path-
way involves bubble-migration-driven DNA synthesis via D-
loop branch migration, leading to the conservative inheri-
tance of newly synthesized DNA (24-26). This may lead to
unrestrained, highly mutagenic DNA synthesis extending to
the end of the chromosome unless restricted by a converg-
ing fork or D-loop disruption by Mus81 (27). Asynchrony
between leading and lagging strand synthesis leads to the ac-
cumulation of ssDNA, increasing the risk of mutagenesis (28—
30). When occurring between homologous chromosomes, BIR
may also derive in extensive LOH or non-reciprocal translo-
cations (31,32). Moreover, multiple rounds of strand inva-
sion during BIR may drive complex genome rearrangements if
happening within disperse repeat sequences (33-35). Prema-
ture resolution of BIR intermediates might also result in half-
crossover (HC) events (36,37), which involves fusion between
recipient and donor molecules and generation of a new, one-
ended DSB on the donor chromosome, potentially resulting in
additional rounds of HC formation known as half-crossover
cascades (HCCs) (29,38).

Mus81 and Yenl have been implicated in the generation
of complex chromosomal rearrangements during BIR, includ-
ing HC events and translocations, by cleaving the D-loop
intermediate (35). Previous studies suggested that HC for-
mation in the absence of a fully functional Pol§ complex is
partially Mus81-dependent (37), and that premature activa-
tion of Yenl can hinder BIR progression and lead to an in-
crease in chromosomal loss (CL) and HC events (28). More-
over, these SSEs have recently been implicated in the gen-
eration of multi-invasion mediated-rearrangements (MIR), a
novel source of genetic instability mechanistically similar to
HCCs (39-42). Ample biochemical evidence exists regarding
how the Mus81 complexes from multiple organisms recog-
nize and cleave a variety of branched DNA substrates, includ-
ing synthetic oligonucleotide-based D-loop substrates (43—
45). Specifically, Mus81-Mms4 from budding yeast operates
as a single heterodimer that can process branched DNA sub-
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strates containing a nick at the junction point. Upon bind-
ing, both the enzyme and the substrate undergo conforma-
tional changes that position the catalytic residues typically 4
nucleotides upstream the 5” end of the branch point, guiding
the cleavage process (46—49). Contrarily, little is known about
Yen1’s ability to process such synthetic structures. Moreover,
it remains unclear if these SSEs can process more physiologi-
cally relevant Rad51-mediated D-loops, where the proteins in-
volved in D-loop formation could modulate or interfere with
their activity, as evidenced in related biochemical experiments
(13,14,30,50-52).

In this study, we used a biochemical approach to investi-
gate the processing capabilities of Mus81 and Yen1 on vari-
ous oligonucleotide-based or Rad51-mediated D-loop struc-
tures. Our data demonstrate that Yenl can effectively pro-
cess all tested D-loop substrates. In contrast, Mus81 fails
to cleave D-loops with a ssDNA-overhang. Moreover, by
mapping the cleavage sites of these nucleases on synthetic
and enzymatically reconstituted D-loops, we provide evidence
supporting their compatibility with the generation of HC
and CL events. Importantly, we observed that the simul-
taneous actions of Mus81 and Yenl in plasmid-based as-
says create a double-nicked D-loop structure that can be lig-
ated to form a direct precursor of a half-crossover product.
These biochemical results provide mechanistic explanation
for the existing genetic evidence that the combined actions
of Yenl and Mus81 on a D-loop contribute to the genera-
tion of complex genome rearrangements in the context of BIR
and MIR.

Materials and methods

Recombinant proteins

Yen1 and the catalytically inactive mutant Yen1NP (E193A,
E195A) were purified as C-terminally tagged 3xFLAG-
2xTEV-10xHIS fusion proteins, as previously described (53).
Mus81-Mms4 and the catalytically inactive mutant Mus81-
Mms4NP (D414A, D415A) were purified as N-terminally
tagged 3xFLAG and 10xHIS-Strepll protein fusions, as de-
scribed elsewhere (54). DNA-damage sensitivity assays (see
below) were carried out to ensure that the tagged versions of
the enzymes retain biological activity (Supplementary Figure
S1A, B). Rad51, RPA, and Rad54 were purified according to
described procedures (55). RecA was obtained from New Eng-
land Biolabs (#M0249S) and SSB from Thermo Fisher Sci-
entific (#70032Z500G). Protein concentrations were deter-
mined using the Bradford assay (Bio-Rad) and densitometry
of Coomassie-stained PAGE gels, using bovine serum albumin
(BSA) as a standard. All protein batches were tested for exonu-
clease, endonuclease, and protease contaminant activities, and
were analysed by SDS-PAGE followed by Coomassie staining
(Figure 1B and Supplementary Figure S4A).

Oligonucleotide purification and annealing into
DNA substrates

The oligonucleotides used in this study (Supplementary Table
S1) were obtained from Merck, subjected to PAGE purifi-
cation, and annealed as detailed previously (53). Shortly, la-
belled, and unlabelled oligonucleotides were mixed at a 1:3
ratio, boiled in a water bath, and cooled down to room

temperature overnight. Fully annealed substrates were puri-
fied from 10% native PAGE gels in 1x Tris—borate~-EDTA


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae453#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae453#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae453#supplementary-data

Native PAGE

Denaturing PAGE

Nucleic Acids Research, 2024, Vol. 52, No. 12

B
D3-1 D3-2 D3-3 D3-4*
o e e S Mus81-Mms4
- - — — Yen1 - - + + A-PPase
co0®0 Q®0 A®Q QO . —_— _
§23% $z25% 523% §zZ5% ——_ 'a MWMNDWT MWM NDWTND WT
 >>SS >SS >33SS , >>r=3= /])m— 250 250
4 4 Py Tro - " n 7
--m—-l '..-- - - ,,:_:x:\ : 1304 1304
-. - v W oo 100 100 :mUmssz;
i == 70 70
I ’ 55
55
35
S ) 35
- | o — I 25 25 s wees—- \-PPase
D
D3 synthetic D-loop
D3-1* D3-2* D3-3 D3-4* 37 Oligo 4 (25 nt )1
e U S s’ e U e 5 _Oligo3(50n)  Oligo2 (75 nt)
— - - . . Xzzs \ 259
-~ Q= -~ Qo= - Q= N 90 ’
§z22%22 5$5z3%2 5z5%:2 §5Z3% _ Oligo 1 (75 nt) 5
V> >S=S=23S XY S=SS  >Y=E==  >»x== T
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 51_52 47_41
- - SRR - amemem 25
E .
D2 synthetic D-loop
55 55
50 -
50 - 4 — _u.__ig 5 Oligo 3 (50nt) Oligo 2 (75 nt) 51-53
5 - »51-
. 45 . X 22628\ 2
Oligo 1 (75 nt) 5
T
51-52
35 32 30
= D1 synthetic D-loop
30 - .2_5_3
Oligo 2 (75 nt)
- 25 20 25-27 51
e - .- 5 Oligo 3s (25nt)
1 Oligo 1 (75 nt) 5
e
51-52
= Yen1

» Mus81-Mms4

Figure 1. Yen1 and Mus81 cleavage of synthetic D-loops. (A) Synthetic D3 D-loops (D3) were %2P-labelled at the 5’-end (asterisk) of the indicated strand
(grey) and incubated with 10 nM Yen1"T (Yen1), Yen1NP (Y:ND), Mus81"T (Mus81), or Mus81NP (M-ND) for 10 min at 30°C. (-) indicates no enzyme. The
reaction products were analysed using 10% native PAGE and phosphorimaged. Schematic representations of the substrate and cleavage products are
shown on the right. Black arrowheads indicate the first product shown on the right, dotted arrowheads indicate the third product shown on the right.
Asterisks indicate two bands that are likely to arise from cleavage of oligonucleotide 1, which in itself does not alter electrophoretic migration, followed
by partial disassembly of the nicked D-loop. (B) Purified Yen1\P, Yen1"T, Mus81-Mms4\P, and Mus8-Mms4WT proteins (with or without a
lambda-phosphatase (A-PPase) treatment), were analysed by SDS-PAGE, and stained with Coomassie. Molecular weight markers are indicated in kDa.
(C) The same reaction products as in (A) were analysed using 10% denaturing PAGE. A molecular weight marker (MWM) consisting of a mixture of
5'-32pP end-labelled oligos of defined length with the same sequence as the labelled oligo was used, therefore MWM bands differ between lanes. D3-4*
samples (split panel) were loaded later on the same gel, to allow visualization of small products. (D) A schematic representation of Yen1 (purple) and
Mus81 (green) incision sites on the oligonucleotide-based D3 D-loop. The arrowhead and number size indicate the relative efficiency of the cleavage. (E)
same as (D), but for a D2 D-loop structure. (F) Same as (D), but for the D1 D-loop structure.
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(1x TBE) buffer (90 mM Boric acid, 90 mM Tris-base,
2 mM EDTA). For radioactive substrates, oligonucleotides
were 5'-end-labelled with [y-32P]-ATP (3000 Ci/mmol, Perkin
Elmer) and T4 polynucleotide kinase (PNK; Thermo Fisher,
#EK0031), according to standard procedures. Fluorescent
substrates utilized 5'- and/or 3/-Cy35 or Cy3 labelled oligonu-
cleotides. In the indicated cases, oligonucleotides containing
three consecutive phosphorothioate (SP) linkages were used.
The unpaired regions of these junctions are composed of
heterologous sequences to prevent substrate dissociation by
spontaneous branch migration. The strand composition of
each substrate is detailed in Supplementary Table S2.

The plasmid DNA (pBluescript SK (=), pBSK, 2958 bp) was
purified using commercial DNA purification kits (GenElute™
HP Plasmid Miniprep kit, Merck, #NA0160), according to
standard procedures. To minimize plasmid nicking, which
could affect the subsequent D-loop formation that requires
negatively supercoiled plasmids (8,56), the cell pellet was re-
suspended by pipetting and centrifugation steps were carried
out at 8000 x g.

Endonuclease assays with oligonucleotide-based
substrates

For the experiments using radioactively labelled
oligonucleotide-based D-loops (Figure 1 and Supplementary
Figure S2), 10 nM protein was incubated with ~1 nM §’-32P
end-labelled substrate in 25 ul of reaction buffer (Yenl
reaction buffer: 50 mM Tris—=HCI pH 7.5, 0.5 mM MgCly;
Mus81-Mms4 reaction buffer: 25 mM Tris-HCI pH 7.5, 3
mM MgCl,, 100 mM NaCl, 0.1 mM DTT, 0.1 pg/ml BSA).
In all reactions, enzymes represent 1/10 of the final volume
(or enzyme storage buffer in mock reactions). After 10 min
incubation at 30°C, 10 ul of each reaction was deproteinized
by addition of 2 ul STOP solution (1.5% SDS, 10 mg/ml
proteinase K (PK)) and incubation at 37°C for 1 h, followed
by incorporation of 0.2 vol of 6 x Ficoll loading buffer (15%
Ficoll-400, 60 mM EDTA, 20 mM Tris-HCI pH 8.0, 0.5%
SDS). Another aliquot of 10 ul was mixed with 1 vol of 2x
denaturing loading buffer (1x TBE, 80% formamide) and
incubated at 99°C for 3 min. The radiolabelled products were
then separated by PAGE through 10% native or denaturing
(7 M urea) PAGE gels in 1x TBE buffer. After electrophoresis,
gels were dried onto 3MM Whatman chromatography paper
(GE Healthcare), exposed to a phosphor screen (Fujifilm),
visualized in a Typhoon FLA9500 (GE Healthcare), and
quantified by densitometry using ImageQuant software (GE
Healthcare).

For kinetics experiments using fluorescently labelled
oligonucleotide-based D-loops (D3, D3-SP, and nicked D3)
(Figure 2), 20 nM protein was incubated with 10 nM 5'-Cy35
and 5’-Cy3 labelled substrate. Reactions were performed as
described above. Aliquots were withdrawn at the indicated
times (0, 0.5, 1, 2, 4, 8, 16, 32, 64, 128 min) and analysed
by 10% native and denaturing (7 M urea) PAGE in 1x TBE
buffer. Fresh gels were scanned in a Typhoon FLA9500 and
quantified by densitometry using ImageQuant software. Each
experiment was done in triplicate.

For experiments using the long 3'-flap substrate, 2 pl of the
indicated final concentration of RPA (25, 50, 100, 200, 400,
and 600 nM) was pre-incubated with 40 nM 5'-Cy5-labelled
3’-flap for 10 min at 37°C in 8 ul Mus81-D-loop buffer (see
next section). Then, 1 ul of Mus81-Mms4 at 400 nM final
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concentration was added and incubated for another 10 min
at 30°C. Reactions were deproteinized by the addition of 2
ul STOP solution (1.5% SDS, 10 mg/ml PK) and incubation
at 37°C for 1 h, followed by incorporation of 0.2 vol 6x Fi-
coll loading buffer. Reaction products were analysed through
10% native PAGE in 1x TBE buffer. Fresh gels were scanned
in a Typhoon FLA9500 and quantified by densitometry using
ImageQuant software.

Endonuclease assays with plasmid-based D-loops
Rad51/Rad54-mediated D-loops

To form the different D-loop structures, 40 nM of the indi-
cated fluorescently labelled DNA molecule (this equals to 3.6,
4.0, and 4.8 uM nucleotides for D1, D2, and D3, respectively)
was incubated with 2 uM Rad51 in D-loop buffer (35 mM
Tris—-HCI pH 7.5, 50 mM KCl, 1 mM DTT, 2 mM ATP, 20
mM creatine phosphate, 20 pg/ml creatine kinase), and 2.5
mM MgCl, for Mus81-Mms4 reactions or 1.5 mM MgCl,
for Yenl reactions) for 5 min at 37°C. When appropriate,
RPA or SSB (600 nM) were added to the nucleoprotein fil-
ament and incubated for another 4 min, followed by the ad-
dition of Rad54 (300 nM) and incubation at 23°C for 3 min.
D-loop formation was initiated by the addition of 2 ul pBSK
(1/5 total volume, 64 ng/ul, 35 nM in molecules, 200 uM
in nucleotides) in 10 ul final reaction volume and incubated
for 5 min at 23°C. Under these conditions, the molar ratio
between Rad51 and the invading oligos is 50, which equals
to a 0.55 (D1), 0.50 (D2), and 0.625 (D3) Rad51: ssDNA nt
ratio (90 nt ssDNA in D1; 100 nt ssDNA in D2; 80 nt ss-
DNA in D3). For RPA/SSB, its molar ratio with respect to
the invading oligos is 15, which equals to a 0.16 (D1), 0.15
(D2), and 0.18 (D3) RPA: ssDNA nt ratio. The Rad54/pBSK
donor plasmid ratio is 8.5. After D-loop formation, 1 ul at the
indicated concentration of Yen1, Mus81-Mms4, the nuclease-
dead mutants (always at the highest concentration used for
the catalytically active enzyme), or storage buffer were added
to the reaction, followed by incubation at 30°C for the indi-
cated times. Reactions were then deproteinized by the addi-
tion of 1.5 ul STOP solution (0.9 % SDS, 1mg/ml PK) and
incubated at 37°C for 10 min, followed by the addition of 0.2
vol 6x glycerol loading buffer (66% Glycerol, 66 mM EDTA,
11 mM Tris-HCI pH 7.5). Reactions were analysed by elec-
trophoresis in a 0.9% agarose gel in 1x TAE buffer developed
at 90 V for 30 min. Fresh gels were imaged on a Typhoon
FLA9500 and quantified by densitometry using ImageQuant
software. Each experiment was done in triplicate. It is impor-
tant to note that despite the apparently low concentration of
free Mg?* resulting from the presence of ATP (estimated to be
in the range of 30 uM in Yen1 reactions; Kp for ATP-Mg?* is
around 50 uM (57)), optimization experiments showed that
under the described conditions, an optimal balance between
D-loop formation and its subsequent processing by SSEs could
be achieved (Supplementary Figure S1C).

When D1-3SP invading molecule was used, reactions were
performed as described above, but increasing the final reac-
tion volume to 25 pl. Then, 10 pul of each reaction was de-
proteinized and analysed on agarose gels. Another 10 ul was
mixed with 1 vol of 2x denaturing loading buffer and incu-
bated at 99°C for 3 min. Reaction products were then sepa-
rated by 16% denaturing (7 M urea) PAGE gels in 1x TBE
buffer. Gels were scanned on a Typhoon FLA9500 and quan-
tified by densitometry using ImageQuant software.
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Figure 2. The two incisions produced by Yen1 on a D3 D-loop display different kinetics. (A) Time-course analysis of Yen1 cleavage on synthetic D3
D-loop: 10 nM D3 D-loop or (B) D3 D-loops with 3 hydrolysis-resistant phosphorothioate linkages (D3-SP, SP linkages in the oligo 2 are located between
nt 50-51-52-53, depicted by a grey box) were incubated with 20 nM Yen1 for the indicated times at 30°C. The DNA substrates were labelled with Cy3 at
the 5’-end of oligo 2 and with Cyb5 at the 5’-end of oligo 3. The reaction products were analysed by 10% denaturing PAGE, scanned using a Typhoon
FLA9500, and are depicted on the right. Representative gel images are shown. (C) Quantification of Yen1-mediated oligonucleotide nicking from
denaturing PAGEs shown in (A) (solid lines) and (B) (dashed lines). Data are represented as mean values & SD (n = 3). (D) Schematic representation of
the fluorescent synthetic D3 D-loop structure. Yen1 incision sites are indicated by purple arrowheads. (E) Time-course analysis of Yen1 cleavage on
nicked D3 D-loop. Reactions were carried out, labelled, and analysed as described in (A) and (B). (F) Quantification of Yen1-mediated oligonucleotide
incision of D3 (solid lines) and nicked D3 (dashed lines) D-loop structure. Data are represented as mean values + SD (n=3). P> 0.05 (n.s.); *P < 0.05.
Student two-tailed t-test for samples with equal variance and the Welch t-test for samples with unequal variance. (G) Schematic representation of Yen1

incision (purple arrow) on a nicked D3 D-loop.
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For experiments using the ExoSAP-IT enzyme (Thermo
Fisher, #78201), 100 nM 90-nt 5'end-6FAM-labelled D1 oligo
was incubated with 5 pl ExoSAP-IT at 37°C the indicated
times (0, 0.5, 1, 2, 4, 8, 16, 32, 64 min). Then, 5 ul of each
reaction was deproteinized and mixed with 0.2 vol 6x glyc-
erol loading buffer and analysed by electrophoresis in a 0.9%
agarose gel in 1x TAE buffer developed at 90 V for 30 min.
Another 5 pl was mixed with 1 vol of 2x denaturing loading
buffer and incubated at 99°C for 3 min. Reaction products
were then separated by 16% denaturing (7 M urea) PAGE
gels in 1x TBE buffer. Fresh gels were scanned in a Typhoon
FLA9500.

RecA-mediated D-loops

RecA D-loops were generated in a similar way and in the same
D-loop buffer as stated above, except in the presence of 15
mM MgCl,. D1 oligonucleotide (40 nM) was incubated with
4 uM RecA for 5 min at 37°C, followed by the addition of a
single-stranded binding protein (100 nM SSB or RPA) when
required. The reaction continued for an additional § min at
37°C. D-loop formation was initiated by the incorporation of
pBSK (1/5 total volume, 64 ng/ul final concentration) and,
after 0.5 min, reactions were diluted 1:10 in Yen1 buffer (50
mM Tris-HCI pH 7.5) for Yen1 reactions or 1:5 in Mus81
buffer (25 mM Tris—=HCI pH 7.5, 100 mM NaCl) for Mus81-
Mms4 reactions, to reach, in both cases, the optimal MgCl,
concentration for nuclease activity. One pl of each SSE (stor-
age buffer for control reactions) was added at the indicated
concentration and incubated for 5 min at 30°C. Reactions
were then deproteinized by addition of 2.5 ul STOP solution
(0.1% SDS, 2 mg/ml PK) and incubation at 37°C for 2 h.
Analysis was performed as described above. Each experiment
was done three independent times.

Deproteinized D-loops

Rad51/Rad54-mediated D-loop formation was carried out as
previously described. Before SSE incorporation, half of the re-
action was deproteinized by the addition of 0.75 ul STOP
solution and incubation at 37°C for 15 min. To remove PK
and SDS, 1 vol of phenol-chloroform was added, followed by
DNA precipitation with 2 vol of 100% EtOH, 0.1 vol of 3
M sodium acetate pH 5.2, and 0.02 vol of 5 mg/ml glycogen.
Pellet was resuspended in the original volume in which the
D-loop reaction had taken place. The deproteinized D-loops
were then used in nuclease reactions, which were carried out
and analysed as described above. After being scanned to visu-
alize the fluorescent products, gels were stained with ethidium
bromide (5 ul of 10 mg/ml ethidium bromide (EtBr) solution
in 100 ml TAE) and imaged in a Gel Doc XR+ System using
the Image Lab software (Bio-Rad). Each experiment was car-
ried out in triplicate.

D-loops with a stable presynaptic filament

For experiments using the non-hydrolysable ATP analogue
ATPyS, Rad51/Rad54-mediated D-loops were generated as
described above, with the following modifications: 40 nM D1
oligonucleotide was incubated with Rad51 (2 uM) in D-loop
buffer without the ATP regeneration system (creatine phos-
phate and creatine kinase) and with 2.5 mM ATPyS or ATP
for 9 min at 37°C, followed by addition of Rad54 (300 nM),
2.5 mM ATP, and incubation at 23°C for 3 min. D-loop for-
mation was initiated by the incorporation of pBSK (64 ng/ul
final concentration), incubated for another 10 min at 23°C,
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and analysed as previously described. All experiments were
carried out in triplicate.

Mapping SSE cleavage sites on enzymatically
generated D-loops

To map the cleavage sites in the invading molecule,
Rad51/Rad54-mediated D-loop formation and treatment
with the nucleases were done as described above, except in
25 ul total reaction volume. After nuclease incubation, 10 ul
of each reaction were deproteinized and analysed on agarose
gels as stated above, to monitor D-loop formation and nucle-
ase activity. Another 10 ul aliquot was mixed with 1 vol of 2 x
denaturing loading buffer and incubated at 99°C for 3 min.
Reaction products were then separated by denaturing PAGE
(7 M urea) in 1x TBE buffer. Gels were scanned on a Typhoon
FLA9500 and quantified by densitometry using ImageQuant
software.

To analyse the incision in the donor plasmid molecule
(pBSK), Rad51/Rad54-mediated D-loop formation (20 pl fi-
nal volume) and cleavage with the indicated nuclease (as de-
scribed), was followed by cleavage with 10 U BspHI (New
England Biolabs, #R0517S) and incubated at 37°C for 20
min followed by dephosphorylation with 1 U Shrimp Alkaline
Phosphatase (rSAP, New England Biolabs, #M0371S) and in-
cubation for another 20 min. To verify D-loop formation and
nuclease activity, half of each reaction was deproteinized and
analysed on agarose gels as described above. The other half
was denatured at 99°C for 3 min, followed by labelling us-
ing 1 pl [y-32P]-ATP (3000 Ci/mmol) and 10 U T4 PNK for
1 h at 37°C. The non-incorporated isotope was removed us-
ing G-25 columns (GE Healthcare) and the eluted DNA was
precipitated with 2 vol of EtOH, 0.1 vol of 3 M sodium ac-
etate pH 5.2 and 0.02 vol of 5 mg/ml glycogen. The pellet
was resuspended in 10 pl 2x denaturing loading buffer and
samples were analysed through denaturing PAGE, exposed to
a phosphor screen, and visualized in a Typhoon FLA9500.

For mapping experiments using Sanger sequencing, after D-
loop formation in 25 pl final volume and incubation with the
indicated nuclease, each reaction was deproteinized by the ad-
dition of 3.75 ul STOP solution and incubation at 37°C for
30 min. To verify D-loop formation and nuclease activity, 5 ul
of the reaction were analysed on agarose gels. The rest of the
reaction was adjusted to 75 ul with water, followed by addi-
tion of 1 vol of phenol-chloroform. After phenol-chloroform
extraction, DNA precipitation was carried out with 2 vol of
EtOH, 0.1 vol of 3 M sodium acetate pH 5.2,and 0.02 vol of 5
mg/ml glycogen. The pellet was resuspended in 22 pl 10 mM
Tris—=HCI pH 8.0. Finally, 10 ul were used for sequencing with
the forward primer (SEQ-FW, from 1767 to 1784 bp) and the
other 10 pl for sequencing with the reverse primer (SEQ-RV,
from 2162 to 2177 bp) (Supplementary Table S1) in Stabvida
laboratories.

Detection of half-crossover precursors

In experiments detecting the formation of half-crossover pre-
cursors, Rad51/Rad54-mediated D-loop formation was per-
formed in 1.5 mM MgCl, D-loop buffer, followed by simul-
taneous addition of 100 nM of both endonucleases and in-
cubated for 1 h at 30°C. When appropriate, 5 U of T4 lig-
ase (Thermo Fisher, #£1.0011) was added and incubated for
1 h at 23°C. Then, 20 U of either EcoRV (EV, Thermo Fisher,
#FD0304) or AhdI (Al, New England Biolabs, #R0584S) was
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included and incubated at 37°C for 1 h. After treatment with
the restriction enzymes, reactions were deproteinized, anal-
ysed by agarose gel, scanned in a Typhoon FLA9500, and
stained with EtBr as stated above. For analysis by denatur-
ing PAGE (using 7 M urea), after the cleavage with restric-
tion enzymes, reactions were mixed with 1 vol of 2x denatur-
ing loading buffer and incubated at 99°C for 3 min. Reaction
products were then separated by denaturing PAGE in 1x TBE
buffer and fresh gels were scanned on a Typhoon FLA9500.

Yeast strains and methods

The S. cerevisiae strains used in this study are described in
Supplementary Table S3. All routine manipulations were per-
formed following standard procedures (58).

Deletions of MUS81, MMS4, and YEN1 were generated
by PCR-based gene replacement using natNT2, hphMX4,
hphMX6, or LEU2 as selection markers (59,60). The coding
sequences of both untagged and tagged versions of MUSS81,
MMS4 and YEN1 were cloned under the control of their en-
dogenous promoter in pRSII405 or pRSII406 (61) to gener-
ate pRSIT405-MUS81, pRSIT1405-3xFLAG-MUS81, pRS40611-
MMS4, pRS40611-10xHIS-Strepll-MMS4, pRS40611-YENT,
and pRS40611-YEN1-3xFLAG-2xTEV-10xHIS. Next, the vec-
tors were linearized for integration at the endogenous leu2
(pRS4051I derivatives) or ura3 (pRSII406 derivatives) loci in
the appropriate mutant yeast strains. DNA-damage sensitivity
assays were carried out as previously described (62).

Statistical analyses

Unless indicated otherwise, data is presented as the mean
of three independent experiments 4 SD. Statistical analysis
was performed using the student two-tailed T-test for samples
with equal variance and the Welch #-test for samples with un-
equal variance. A P-value >0.05 was considered statistically
not significant (n.s.); *P < 0.05, **P < 0.01, ***P < 0.001,
###*P < 0.0001. Graphs were created in Microsoft Excel.

Results

Both Mus81 and Yen1 can cleave
oligonucleotide-based D-loops

To compare the ability of Yenl and Mus81 to process
synthetic D-loops, we incubated purified proteins with
three different oligo-based D-loop structures (D3, D2, D1,
Supplementary Table S2). These substrates were 5'-32P-end-
labelled on one strand, and the reaction products were
analysed using native and denaturing PAGE (Figure 1 and
Supplementary Figure S2). As these three structures have
two branching points, the one at the 5'-side of the invading
strand will be referred to as the first branching point and the
other one as the second branching point. For the synthetic
oligonucleotide-based molecule that recapitulates the nascent
D-loop intermediate (D3 D-loops), Mus81 exhibited multi-
ple cuts (position 41-47) on the strand complementary to the
invading molecule (oligo 1, Figure 1A-D) as expected from
previous studies (43,44,50,63). The predominant incision oc-
curred 5 nt from the 5’-side of the first branching point (Fig-
ure 1C, D). Yen1 incisions mapping showed that it can cleave
all four strands within the D3 D-loop, albeit with different
efficiency. The displaced strand (oligo 2) was predominantly
cleaved from nt 51 to 53, with the main incision at position 51,
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which is 1 nt from the 3’-side of the second branching point
(Figure 1C, D). Yen1 could also nick the invading molecule
(oligo 3) at 1 to 3 nt from the first branching point. Some
nucleolytic activity was detected at the 5'-end of the strand
complementary to the invading oligo (oligo 4), explaining the
loss of labelling on the native gel (Figure 1A). Importantly,
these activities were absent when the nuclease-dead mutants
(ND) were used. Further analysis using a shorter oligo 4 (oligo
4s) confirmed that Yen1’s activity on the 5’-end depends on
the proximity of the 5’-phosphate group to the invasion point
(Supplementary Figure S2A-C).

Two additional D-loop structures were generated: the D2
D-loop, characterized by a fully ssDNA 5’-overhang in the
invading oligo, which mimics the scenario after D-loop bub-
ble migration (Figure 1E), and the D1 D-loop, a widely used
structure for studying recombination intermediates in vitro
(9,13,16,17,26,55,64), where the invading strand has no over-
hangs (Figure 1F). Yen1 cleaved the D2 D-loop at equivalent
positions to D3, while Mus81 was unable to process it (Fig-
ure 1E and Supplementary Figure S2D-E). In the case of D1
D-loop, both Mus81 and Yen1 cleaved the displaced strand
at the branching point. Mus81 predominantly nicked the D1
substrate at position 25 (first branching point), while Yenl
cleaved it 1 nt from the 3’ side of the second branching point
(Figure 1F and Supplementary Figure S2F, G). Collectively,
these results showed that both Yen1 and Mus81 can process
oligonucleotide-based D-loop structures according to their re-
spective polarities. Notably, the main incision produced by
Mus81 in combination with Yen1’s incision at the end of
the displaced strand in the D3 structure is compatible with
the generation of a HC outcome in the context of BIR re-
pair (Supplementary Figure S3A). Moreover, Yen1’s cleavage
at the invading strand could contribute to the generation of
CL events in a BIR scenario (Supplementary Figure S3B).

Yen1 incision of the displaced strand in D3 D-loops
may facilitate the processing of the invading strand

As Yen1 can cut both the invading and the displaced strands
within the D3 structure, we aimed to determine if the two
predominant Yenl incisions observed in this structure were
co-dependent or could be uncoupled. Time-course analyses
of D3 cleavage by Yenl revealed that processing of the dis-
placed strand occurred faster than that of the invading one
(Figure 2A, C, and D). To investigate if the processing of the
invading oligo requires prior incision of the displaced strand,
we introduced three phosphorothioate linkages between the
nucleotides 50-53 of the oligo 2 to inhibit Yen1 cleavage on
the displaced strand. This modification resulted in an approxi-
mately 50% reduction in Yen1 activity on the displaced strand
(Figure 2B) but led to only ~25% decrease in incisions on
the invading oligo (Figure 2C). These findings suggested that
the two incisions were not inherently coupled. To further con-
firm this observation, we created a D3 D-loop with a nicked
displaced strand that mimics Yen1 incision. If cleavage of the
invading strand by Yen1 depended on the initial incision, it
should be enhanced with this substrate. However, the cleav-
age kinetics of the invading strand using both nicked and in-
tact D3 D-loops were very similar (Figure 2E-G). Altogether,
these results suggest that while the cleavage of the invading
oligo 3 may be facilitated by increased substrate flexibility af-
ter incision of the displaced oligo 2, it is not its prerequisite.
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Mus81 and Yen1 can cleave Rad51/Rad54-mediated
D-loops

Next, we aimed to address whether Yen1 and Mus81 can also
process more physiological D-loops, decorated by the recom-
bination machinery, which may sterically impair nuclease ac-
cessibility. For this reason, we reconstituted D-loop forma-
tion using purified yeast Rad51 and Rad54 (Supplementary
Figure S4A), the negatively supercoiled plasmid (pBSK) as a
donor molecule, and a fully homologous 6FAM 5’-labelled
90 nt ssDNA (D1) as an invading DNA (55) (Figure 3A).
After D-loop formation, Yen1 or Mus81 were added, and
15 min later, reactions were stopped, and D-loop process-
ing was analysed by agarose gel electrophoresis. Both en-
zymes exhibited dose- and catalysis-dependent destabiliza-
tion of the Rad51-mediated D-loop (Figure 3B), indicating
their nucleolytic processing. In Yenl reactions, a smear de-
pendent on nuclease activity was observed migrating above
the free-oligonucleotide band. Considering the exonucleolytic
activity detected at the invading oligo in the D1 synthetic D-
loop (Figure 1F), we speculated that this band could result
from Yenl cleaving the 5’-end of the invading strand. This
would release 5'-labelled mono-, di-, or oligonucleotides with
abnormally slow electrophoretic mobility, as observed with
other fluorochromes (65). To test this hypothesis, we gener-
ated a D1 D-loop using an invading oligonucleotide with three
hydrolysis-resistant SP linkages at the 5’-end and incubated it
with Yen1 (Supplementary Figure S4B). In native agarose gels,
we observed a slight decrease in the formation of the diffuse
band compared to the unmodified D1 D-loop, while denatur-
ing PAGE analysis revealed short cleavage products (5-7 nt)
when either substrate was used (Supplementary Figure S4C-
D). This suggests that, rather than an exonuclease activity,
this smear band might arise from incomplete invasions of the
D1 oligonucleotide, leaving short unpaired 5’-ssDNA over-
hangs that Yenl could recognize and process as a 5'-flap
structure (66). Additionally, we independently confirmed that
6FAM 5 -labelled short oligonucleotides produced by a 3’-
S’exonuclease activity on the 90-nt D1 oligonucleotide dis-
play slower electrophoretic migration in agarose gels than the
full-length molecule (Supplementary Figure S4E, F). In addi-
tion, to create a more physiological situation, we enzymati-
cally generated two additional D-loops: D2 (with a 5’-ssDNA
non-homologous overhang) and D3 (with a 5’-dsDNA non-
homologous overhang), which more closely mimic D-loops
generated in vivo. While Yen1 was able to process both D2
and D3 structures, Mus81 could only act on D3 (Figure 3C,D),
consistent with their processing of the synthetic structures
(Figure 1). In summary, these experiments demonstrate that
both Yenl and Mus81 can process plasmid-based D-loops
decorated with the proteins responsible for their formation
in vivo.

Mus81 and Yen1 cleave Rad51-mediated D-loops
coated by RPA

Another protein implicated in D-loop formation in cells is the
heterotrimeric ssDNA binding protein RPA. I vitro, RPA sta-
bilizes D-loops by binding to the displaced strand and pre-
venting its reannealing to the template strand (67,68). To test
if RPA could influence D-loop cleavage by the SSEs, we gen-
erated D1 D-loops in the presence or absence of RPA and
used them as substrates for the endonucleases (Figure 4A). As
shown in Figure 4B, Yen1 cleaves the D1 D-loop with equal
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efficiency regardless of the presence of RPA. In the case of
Mus81, rather than preventing cleavage, RPA seems to sig-
nificantly enhance Mus81 cleavage of the D1 structure (Fig-
ure 4C). Similar experiments with D2 and D3 D-loops con-
firmed that RPA has no effect on Yen1 activity and mild effect
on Mus81 activity on the D3 structure (Figure 4D-G). To de-
termine if RPA stimulates Mus81 on a simpler substrate, we
used a 3'-flap structure with a long ssDNA tail (80 nt) that
was pre-incubated for 10 min with increasing concentrations
of RPA before adding Mus81 to the reaction. Increasing con-
centration of RPA inhibited Mus81 activity on this substrate
(Supplementary Figure SSA). Importantly, when the same con-
centration of RPA as used in the D-loop reactions was em-
ployed (600 nM), almost no cleavage was detected. This in-
dicates that RPA not only does not stimulate Mus81 activity
on one of its preferred substrates but rather inhibits its nu-
clease activity, suggesting that the observed stimulation of D-
loop cleavage might reflect different binding or coordination
with RPA. We next addressed if the presence of another single-
stranded binding protein on the D1 substrate could stimu-
late Mus81 activity. To explore this possibility, we performed
similar D-loop cleavage assays using the bacterial ortholog of
RPA, E. coli SSB (Supplementary Figure S5B). As shown in the
Supplementary Figure S5C-D, the presence of SSB did not alter
the ability of Mus81 or Yen1 to process D1 D-loops. There-
fore, to assess if the stimulatory effect of RPA on Mus81 cleav-
age might depend on the presence of Rad51, we generated
D1 D-loops using the bacterial ortholog of Rad51, RecA and
subsequently incubated them with SSB or RPA, prior to nu-
clease incorporation. While both Mus81 and Yen1 were able
to process D1 D-loops generated with RecA, no significant
differences were observed when either SSB or RPA were used
(Supplementary Figure SSE-H). Collectively, these results in-
dicate that neither the presence of RPA nor its bacterial or-
tholog SSB prevent nuclease activity on the recombination in-
termediates generated in vitro. Furthermore, we have shown
that although with very different efficiency, both Yenl1 and
Mus81 can process RecA-mediated D-loop structures.

D-loop proteins impair nuclease cleavage and
Radb1 turnover facilitates SSEs activity

Given our previous results, we wanted to investigate if the
same proteins required for D-loop formation could modulate
the accessibility of the nucleases to the recombination interme-
diates. To address this, we examined the effect of deproteiniza-
tion of Rad51/Rad54-coated D1 structures before Yenl or
Mus81 treatment (Supplementary Figure S6A). Under iden-
tical nuclease concentration, total amount of DNA, and pro-
portion of D-loop formation, both Yen1 and Mus81 displayed
faster cleavage kinetics with deproteinized D-loops compared
to coated ones (Supplementary Figure S6B, C). This observa-
tion indicates that Rad51 and Rad54 restrict the accessibil-
ity of the SSEs to these structures. If the higher efficiency of
Yen1 and Mus81 in processing deproteinized D-loops is due to
the protective effect of Rad51 and Rad54 proteins, one would
predict that generating D-loops with a more stable nucleofil-
ament should reduce accessibility to the nucleases and their
catalytic activity. Previous studies have demonstrated that the
use of the slowly hydrolysable ATP analogue, ATPyS, leads
to a reduction in the efficient turnover of the Rad51-dsDNA
complex (69). We therefore assembled a more stable nucle-
ofilament by incubating Rad51 with ATPyS followed by ATP
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Figure 3. Yen1 and Mus81 process Rad51-mediated D-loops. (A) Scheme for Rad51/Rad54-mediated D-loop reaction: End-labelled DNA substrates (40
nM) were incubated with Rad51 (2 uM) at 37°C for 9 min. Rad54 (300 nM) was then added to the reaction and incubated for 3 min at 23°C.
Subsequently, supercoiled pBSK (640 ng) was added and incubated for another 5 min before incorporation of SSE. After 15 min incubation with either
nuclease at 30°C, the reactions were deproteinized and analysed on agarose gels. (B) Representative agarose gel from reactions with enzymatic D1
D-loop treated with Yen1 (top) or Mus81 (bottom). The absence of nuclease is indicated by (-). Nuclease-dead mutant controls (ND) were performed at
the highest concentration of the wild-type enzymes. The gels were scanned and quantification of D1 D-loop cleavage by the SSEs is shown on the right.
The D-loops were normalized by setting the initial D-loop yield as 100%. The data are plotted as means &+ SD (n = 3). White circles represent individual
values. A graphical representation of a plasmid-based D1 D-loop is shown on the left. Please note that the fuzzy band above the free 6FAM-labelled
oligonucleotide corresponds to small 6FAM-labelled ssDNA products generated by Yen1 exonuclease activity. (C) Same as (B) but using the enzymatic
D2 D-loop. (D) Same as (B) but using the enzymatic D3 D-loop and 60 min for SSE incubation.
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Figure 4. Effect of RPA on D-loop cleavage by SSEs. (A) Experimental scheme of Rad51/Rad54-mediated D-loop reactions with RPA. 5’-end-labelled D1
or D3 molecules (40 nM) were incubated with Rad51 (2 uM) at 37°C for 5 min. When appropriate, RPA (600 nM) was added and incubated for 4 min at
37°C. Then, Rad54 (300 nM) was added to the reaction and incubated for 3 min at 23°C, followed by incorporation of supercoiled pBSK (640 ng) and
incubation at 23°C for 5 min. The indicated SSE concentrations were added, and reactions were further incubated at 30°C for 15 min for D1 D-loop or 60
min for D3 D-loops. (B) Representative agarose gel from reactions with Yen1 and enzymatic D1 D-loops with RPA. Graphs represent the quantification of
D-loop cleavage by Yen1. D-loops were normalized by setting the initial D-loop yield as 100% and plotted as means + SD (n = 3). P> 0.05 (n.s.);

*P < 0.05; **P < 0.01; ***P < 0.001. Student two-tailed t-test for samples with equal variance and the Welch t-test for samples with unequal variance.
White circles represent individual values. (C) Same as (B) but using Mus81. (D, E) Same as (B) and (C) but for D2 D-loop substrate. (F, G) Same as (B)
and (C) but for D3 D-loop substrate.
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incorporation, upon addition of Rad54 to the reaction (Figure
5A). As depicted in Figure 5B, D-loop formation was nearly
abolished when only ATPyS was used, but restored by incor-
poration of ATP together with Rad54. Using this strategy, we
performed kinetic analyses to examine if the slow turnover
of Rad51 in the presynaptic filament could interfere with nu-
clease cleavage (Figure 5C). Indeed, the stabilization of the
Rad51 nucleofilament using ATPyS strongly reduced the abil-
ity of both Yen1 and Mus81 to process D-loop structures (Fig-
ure 5D, E). Taken together, these results indicate that the status
of Rad51 nucleoprotein could play a regulatory role against
the nucleolytic processing of D-loops by Yen1 and Mus81.

SSEs incisions on enzymatically made D-loops map
at similar positions to those on synthetic D-loops

To address whether the presence of Rad51/Rad54 and RPA
not only affects the efficiency of D-loop processing, but also
influences the location of incisions produced by these SSEs, we
developed a methodology to map their cleavage sites on the
plasmid-based D-loops (Figure 6A). Initially, we focused on
the D3 structure and assessed whether the nucleases cleaved
the invading strand. After D-loop formation and incubation
with Yen1 or Mus81, the reaction products were separated us-
ing denaturing PAGE and scanned for Cy5 (invading strand)
and Cy3 (complementary oligo in the non-invading duplex re-
gion). Yen1 generated a major incision at nt 25 in the 5’-CyS5-
labelled invading strand, 5 nt downstream from the beginning
of the homology region (Figure 6B). In addition, several sec-
ondary incisions were observed ranging in size from 22 to 40
nt, approximately 20 nt after the start of the homology region
(Figure 6B). This ladder of incisions could be attributed to the
dynamics of the D-loop formation process, with Yen1 cleaving
the 5’-overhang near the branching point, as observed for the
D1 structures (Supplementary Figure S4D). In contrast, analy-
sis of the cleavage pattern of the 3’-Cy3-labelled oligo revealed
no activity (Figure 6B). Similarly, no activity was detected for
Mus81 on neither the invading oligo nor its complementary
strand (Figure 6C), consistent with the results obtained using
the synthetic D3 structure (Figure 1).

To determine whether these nucleases were cleaving the
plasmid, we treated D3 D-loop reaction products of Yenl or
Mus81 with BspHI (Figure 6A, black arrowhead). Given the
position of the homology region between the invading oligo
and pBSK, an incision by Yenl at the end of the displaced
strand combined with BspHI treatment should release a frag-
ment of approximately 140 nt that could be detected after ra-
dioactive labelling and separation by denaturing PAGE (Fig-
ure 6A). Accordingly, only the reactions treated with Yen1 and
BspHI displayed bands near the expected sizes (approx. 140
and 130 nt) (Figure 6D). Similarly, we confirmed that the com-
bined processing of the D3 substrate by Mus81 and BspHI re-
leased a specific fragment of approximately 60 nt, which cor-
responds to Mus81 incising the template strand of the plasmid
at equivalent positions to the synthetic D3 D-loop (Figure 6A
and E). A limitation of this strategy is its inability to distin-
guish incisions generated at the expected positions on either
strand of the plasmid, as they would release DNA fragments
of the same size in combination with BspHI. Therefore, we
complemented these experiments with an alternative mapping
approach by utilizing the untemplated addition of an adenine
nucleotide by Tag polymerase at the 3’-end of DNA strands
in sequencing reactions (Supplementary Figure S7A). Conse-
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quently, sequencing DNA from SSE-treated D-loop reactions
revealed novel A peaks or peaks of increased intensity only
in the nicked strand, allowing the determination of the strand
cleaved by Yen1 and Mus81 with single-nucleotide resolution.
As expected, Yenl cleaved the D3 D-loop at the end of the
displaced strand, while Mus81 incised the template strand 4-
5 nt upstream of the start of the invasion region, consistent
with our observations using the synthetic D3 substrate (Fig-
ure 6F and Supplementary Figure S7B). To confirm the speci-
ficity of the sequencing results, we conducted similar experi-
ments with a different D3 D-loop structure (D3.2), in which
the homologous region between the invading strand and pBSK
was located at different position (Supplementary Table S2).
The sequencing results demonstrated a shift in the A peaks
to equivalent positions of the new D3.2 D-loop structure
(Supplementary Figure S7C), thereby validating the mapping
approach. The same methodology was applied to determine
the incision sites created by Mus81 and Yenl on D2 and
D1 D-loops, respectively (Figure 6G and H). In the case of
the D2 substrate, Yen1 activity resembled its activity on the
D3 D-loop, exhibiting multiple cuts on the invading strand
and cleaving the displaced strand at the other end of the D-
loop (Figure 6G and Supplementary Figure S8A-D). Further
confirmation of the specificity was obtained using a derivate
D2 D-loop (D2.2, Supplementary Table S2), in which the 3’-
end of the invading strand was located at different position
within pBSK, resulting in a corresponding shift in the sequenc-
ing results (Supplementary Figure S8E). Regarding the D1
D-loop, Yen1 incisions on the displaced strand were consis-
tent with those observed for D2 and D3. However, Mus81
shifted its activity to the displaced strand, cleaving 5-8 nt
upstream of the 5'-end of the homology region (Figure 6H
and Supplementary Figure S9A-F), consistent with the find-
ings obtained with synthetic substrates. To confirm the map-
ping of the Mus81 incision, an additional D1 oligo (D1.2,
Supplementary Table S1) was used, in which the 5'-invasion
point was again moved to a different position within pBSK
(Supplementary Figure S9G). Altogether, these results suggest
that while the Rad51/Rad54 complex involved in D-loop for-
mation may modulate the accessibility of the nucleases to
these structures, its presence does not significantly alter their
cleavage specificity compared to the naked, oligonucleotide-
based D-loops. Furthermore, the newly developed mapping
approach enabled precise determination of the incision sites
and provided insight into the cleavage preferences of Yen1 and
Mus81 during D-loop processing.

Concurrent cleavage of Mus81 and Yen1 on a
plasmid-based D3 D-loop leads to a half-crossover
precursor

Our mapping experiments demonstrate that Yen1 and Mus81
can introduce incisions on a D3 D-loop that are consistent
with the predicted formation of half-crossovers, based on pre-
vious genetic studies (Supplementary Figure S3A) (28,35,37).
Therefore, we next aimed to investigate if the combined ac-
tivity of these two enzymes could generate such recombina-
tion product (Figure 7A). Surprisingly, when both Mus81 and
Yenl were present simultaneously, a fraction of the D-loop
exhibited a shift to a slower migrating band instead of being
destabilized (Figure 7B, arrow). Importantly, the appearance
of this new product was dependent on the catalytic activity of
both enzymes (Figure 7C). The reduced migration observed is
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Figure 5. Effect of Rad51 nucleofilament stabilization on nuclease cleavage. (A) Experimental scheme of D1 D-loop reactions with the nucleofilaments
generated in the presence of ATP (1), ATPyS (2), or ATP+yS followed by ATP incorporation (3). 5'-6FAM-labelled D1 oligo (40 nM) was incubated with
Radb1 (2 uM) in presence of either ATP or ATPyS at 37°C for 9 min. Then, Rad54 (300 nM) was added, and in reaction number 3, where ATPyS was
used, ATP was incorporated to enable Rad54 activity. Reactions were incubated for 3 min at 23°C. Subsequently, supercoiled pBSK (640 ng) was added
and incubated for 30 min at 23°C prior to deproteinization and agarose gel analysis. (B) Representative gel of nucleotide effect (2, 5, 10 mM) on D1
D-loop formation in the presence of ATP (1), ATPyS (2), or ATP/ ATPvS (3). Note that when both adenosine nucleotides were used, half of each
nucleotide was added to reach the indicated concentration. (C) Experimental scheme of nuclease reactions on D1 D-loops with the nucleofilaments
generated in the presence of ATP (1) or ATPyS followed by ATP incorporation (3). Reactions were carried out as stated above. (D) Representative
agarose gels showing time-course analyses of Yen1 (400 nM) activity on D1 D-loops generated in the presence of ATP (1) (left) or ATPyS/ATP (3) (right).
(-) indicates no nuclease. Graph (bottom) represents the quantification of D-loop cleavage by Yen1. D-loops were normalized by setting the initial D-loop
yield as 100%. Plotted are means + SD (n = 3). P> 0.05 (n.s.); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Student two-tailed t-test for
samples with equal variance and the Welch t-test for samples with unequal variance. Solid line: nucleofilament generated in the presence of ATP.
Dashed line: nucleofilament generated in the presence of ATPyS. (E) Same as (D) but using Mus81 (400 nM).
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phosphorimaging. (B) To identify cuts in the invading molecule, increasing concentrations of Yen1 (50, 100, 200, 400 nM) or 400 nM Yen1NP (ND) were
added to the reaction after D3 D-loop formation and incubated for 1 h at 30°C. (-) indicates no enzyme. Reaction products were analysed by 12%
denaturing PAGE and scanned. A mixture of 5'-6FAM-end-labelled oligos of defined length was used as marker. (C) Same as (B), but using increasing
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experiment, but the absence of contaminating nucleases in Mus81 preps has been evidenced elsewhere (Figures 1A and C, 3B-D, 7C, and
Supplementary Figures S2, S5F, S7, and S9F). (F) Schematic representation of Yen1 (purple) and Mus81 (green) incisions on the plasmid-based D3
D-loop. (G) Same as (F) but for D2 D-loop substrate. (H) Same as (F) but for D1 D-loop substrate.
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consistent with the formation of a more open structure con-
taining two nicks, where the invading strand remains paired
with pBSK and displays a 3’-ssDNA flap resulting from the
Yen1 incision at the end of the displaced strand (Figure 7D).
Based on our mapping, we predicted that this incision would
position the 3’-end of the invading strand in close proxim-
ity to the newly generated 5’-phosphate end, enabling theo-
retical ligation and transfer of the 5’-Cy5 label to the plas-
mid. To test this hypothesis, we performed subsequent cleav-
age with EcoRV (Figure 7D), which should generate two linear
molecules of approximately 1.2 and 1.7 kb, with the latter be-
ing Cy5-labelled (Figure 7D). Indeed, when we subjected the
reaction products from treatment of D3 D-loops with Mus81
and Yen1 to EcoRV digestion, we observed the disappearance
of the Cy5-labelled band with slower migration and the ap-
pearance of a new band of similar intensity of around 1.7
kb (Figure 7E, left panel, red arrowhead). Ethidium bromide
staining of the same gels further revealed the presence of an
unlabelled 1.2 kb band (Figure 7E, right panel, black arrow-
head). Importantly, the generation of these products required
the combined activity of Yen1, Mus81, and EcoRV, but did not
require the presence of T4 ligase (Figure 7E, compare lanes 5
and 6 in both panels). To ascertain if the invading strand was
indeed ligated to the plasmid, we repeated the experiments and
analysed the samples using denaturing PAGE, which should
reveal the presence of high molecular weight bands only if the
ligation occurred (Figure 7D and F; 3058 nt expected size:
2958 nt from pBSK plus 100 nt from D2 oligo). Indeed, the
presence of Cy5-labelled DNA was observed in the wells of
the gels only when Yen1, Mus81, and T4 ligase were present
(Figure 7F). Further digestion with EcoRV enabled the entry
of the DNA into the gel, despite its short migration differ-
ence (Figure 7F, compare lanes 5 and 6). To further confirm
the production of the expected molecule, we performed the
experiments with Ahdl digestion, which cleaves closer to the
ligation point and thus released a smaller, 129 nt-long CyS5-
labelled DNA fragment, which migrates faster in the gel (Fig-
ure 7G, compare lanes 8 and 9). These results provide com-
pelling evidence for the ligation of the invading DNA strand
to the recipient plasmid, resulting in the formation of a nicked
molecule that represents a direct precursor of a half-crossover.

Discussion

Genetic data from several groups have implicated Mus81
and Yen1 structure-selective endonucleases (SSEs) in the pro-
cessing of repair intermediates involved in or leading to BIR
(26,70-72). Interestingly, it has also been suggested that the
processing of early recombination intermediates, such as D-
loops, by Mus81 and Yenl could result in the formation of
aberrant repair outcomes, including chromosomal loss and
half-crossover events, implying a need for a thorough regu-
lation of the SSEs activities (28,35,37,70). Using a biochemi-
cal approach, we provide mechanistic insight supporting these
observations by comprehensively characterizing the activity of
Mus81 and Yen1 on various D-loop structures.

To mimic different stages of D-loop formation, we exam-
ined a nascent D-loop (D3), an extended D-loop (D2), and a
D-loop with no overhangs (D1), which are widely used models
for analysis of in vitro D-loop processing. Generally, the cleav-
age sites detected for Mus81 on the synthetic D3 D-loop (Fig-
ure 1) are in agreement with the previous reports (43-45), as
well as the absence of activity on the D2 D-loop (43). For the
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D1 D-loop, the incisions happen on the opposite strand (the
displaced strand) compared to the D3 D-loop (Figure 1 and
Supplementary Figure S2), reflecting similarity to a 3'-flap-like
structure cleaved by Mus81 (44). For Yenl, we demonstrate
for the first time its ability to process all three types of D-loops.
We identified an invariant cleavage site on the distal end of the
displaced strand in all D-loop structures and observed Yen1’s
ability to incise the invading strands (Figure 1). The locations
of these cleavage sites are consistent with the expected 5’ po-
larity of a Rad2/XPG-family nuclease.

Importantly, the main incision sites remain unchanged
when similar D-loop structures are enzymatically recon-
stituted in a plasmid-based assay (Figures 3, 6, and
Supplementary Figure S7-S9). Nevertheless, D-loop depro-
teinization prior to nuclease action facilitates the cleavage of
both Yen1 and Mus81 (Supplementary Figure S6), suggesting
that Rad51, Rad54, and RPA may influence substrate accessi-
bility to the nucleases, although they do not significantly alter
the position of the incisions. Indeed, the stabilization of the
Rad51 filament in the presence of the non-hydrolysable ATP
analogue ATPyS (73) (Figure 5) severely reduced cleavage by
Mus81 and Yenl, respectively. These experiments point to a
possibility that the ATP binding mode of Rad51 and its regu-
lation by Rad51 mediator proteins (e.g. Rad51 paralogs), may
play a role in the regulation of Mus81 and Yen1 processing.
Additionally, Rad51 has been previously shown to represent
a barrier to the catalytic activity of Mus81 (51). In fact, the
same study has also shown that Mus81 interacts with Srs2,
enabling Mus81 to access its substrate by removing Rad51
from DNA through the ‘strippase’ activity of Srs2 and stim-
ulating directly the Mus81 catalytic activity (51). While not
formally tested here, the potential effect of Rad54 in modu-
lating SSE activity on D-loops by steric hindrance can also be
readily envisaged, due its known presence at D-loop branch-
points (74-77). Thus, it would be intriguing to explore this
possibility in further investigations.

In line with this, RECQJ, a functional human homolog of
Srs2, has been found to be required for the removal of RAD51
from late replication intermediates at common fragile sites to
facilitate their processing by MUS81-EME1 (78). Similarly,
FBH1, another potential human homolog of Srs2, has been
shown to cooperate with MUS81 following replication stress
(79). The Srs2 strippase activity is also crucial to prevent the
formation of toxic joint molecules during BIR, where long
stretches of ssDNA accumulate and may be bound by Rad51,
leading to promiscuous invasion events (28). Importantly, this
work indicates that the expression of Yen1°N (a Yen1 mutant
insensitive to cell cycle-dependent control (66,80)) increases
HC and CL events, but only in the presence of Srs2 (28), sug-
gesting that D-loop-bound Rad51 could prevent their process-
ing by Yen1. These findings collectively highlight the essential
role of Rad51 and its accessory proteins in processing of joint
molecules and the prevention of undesirable recombination
outcomes.

Finally, our study provides biochemical evidence support-
ing the genetic observations indicating that concurrent actions
of Mus81 and Yen1 on D-loop structures may facilitate chro-
mosomal rearrangements that occur in the context of BIR, like
HCs (28,36,37). The specific locations of the incisions gener-
ated by Mus81 on the non-displaced strand and Yen1 on the
displaced strand of the donor DNA are compatible with the
generation of HC products if the invading molecule is ligated
to the donor through the nicks created by these SSEs (Figure 8
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and Supplementary Figure S3A). Indeed, we demonstrate that
the addition of a ligase in our reconstituted D-loop reactions,
following Mus81 and Yen1 treatment, allows ligation of the
invading strand to the donor molecule (Figure 7). However,
since Mus81 incisions occur 4-5 nt from the first branching
point (Supplementary Figure S7), the resulting small ssDNA
gap would prevent ligation. Congruently, we were unable to
detect the second ligation event between the short strand of
the invading molecule and the pBSK donor (data not shown).
Furthermore, we noticed that when Mus81 and Yen1 were in-
corporated simultaneously, Yen1 was no longer able to cleave
the invading strand (Figure 7F). This is most likely due to the
Mus81 incision allowing rotation of the D-loop into a RF-like
structure where the invasion point is no longer a branched
structure that can be targeted by Yen1. Since the cleavage of
the invading strand by Yenl most likely leads to CL events
(Figure 8 and Supplementary Figure S3B), it would be inter-
esting to address in the future whether the absence of Mus81
increases CL events in a BIR system described by Elango et al.
upon Yen1©N expression.

Additionally, using synthetic substrates, we determined that
the Yen1 incisions at the equivalent D3 D-loop structure were
independent, with the cleavage on the displaced strand oc-

curring much faster than the cleavage on the invading oligo
(Figure 2). HCs are proposed to arise after D-loop formation
during BIR if DNA synthesis is compromised due to defects in
Pols (36-38) or Pif1 (24,26,64,81), both of which are required
for extensive DNA synthesis. Failure to initiate DNA synthe-
sis in these mutants could lead to the resolution of a single
H]J generated after strand invasion, and Mus81 has been sug-
gested to play a role in the generation of these genetic prod-
ucts (37). In addition, there is a long delay between strand
invasion and the beginning of DNA synthesis within the D-
loop (82), which might be due to the activation of a recombi-
nation execution checkpoint in the absence of a second end
at the DSB (83,84). In this context, it is plausible that the
nascent D-loops formed in S or early G2 phases may not be
extended until later stages of the cell cycle, when Mus81 and
Yenl become activated (85). If DNA synthesis within the D-
loops begins, the migration of the bubble would separate the
invasion point from the complementary strand of the invad-
ing molecule (24), leading to a structure similar to the D2 D-
loop. In this configuration, Mus81 would no longer be able to
cleave, allowing error-prone BIR synthesis to proceed (Figures
1, 3, and 8). Therefore, we favour the possibility that any po-
tential cleavage by Mus81 on an extended D-loop would more
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likely occur after the synthesis of the lagging strand near the
invasion point, creating a structure more similar to the D3 D-
loop. Moreover, it has been demonstrated that premature SSE
activation and entry to mitosis, due to a compromised check-
point response in cells undergoing BIR, also stimulates HC
formation (38).

It is important to acknowledge certain technical limitations
in our study, albeit they do not alter its main conclusions. First,
in some of our experiments involving oligonucleotide-based
D-loops, appearance of minor bands was observed. These
bands cannot be solely attributed to the incisions made by
the SSEs, suggesting the possibility of partial disassembly of
nicked synthetic D-loops during the reactions or their elec-
trophoretic separation (Figure 1 and Supplementary Figure
S2). Second, the comparison of gels scanned for fluores-
cent oligonucleotides with EtBr staining (i.e. Supplementary
Figure S6B), alongside control reactions conducted in the ab-
sence of the invading oligo and/or Rad51/Rad54, respec-
tively, show that, especially for Yenl, a small fraction of the
nicked circles (about 10%) detected in the EtBr-stained gels
stems from direct nicking of the donor plasmid, independently
of D-loop formation. This is likely a consequence of the al-
kaline lysis method used for donor plasmid preparation, as
it may lead to trace amounts of partially denatured plasmid
allowing annealing of invading oligo even in the absence of
recombinases, and thus becoming a substrate for the SSEs.
Therefore, this should be considered with respect to the quan-
titative aspects of donor plasmid processing by the SSEs.

Our findings provide a biochemical framework for the ge-
netic observations implicating Mus81 and Yen1 in the gener-
ation of the chromosomal loss and half-crossover events, but
it is important to highlight that in our system, we have used
the minimal protein ensemble required for D-loop formation
in vitro. Therefore, it cannot be ruled out that other proteins
involved in their generation or stabilization iz vivo may mod-
ulate D-loop processing by these nucleases. In the future, it
would be therefore interesting to optimize a system that al-
lows us to measure SSE activity after D-loop extension and/or
bubble migration, which could be promoted by the addition
of RFC/PCNA/Pols and/or Pifl. Such a system would also
allow us to demonstrate if the sensitivity of D-loops to the
action of nucleases varies at different stages of their matura-
tion. Altogether, we consider that this type of studies enhance
our understanding of the complex interplay between DNA re-
pair pathways that prevent genome instability and pathologi-
cal chromosomal aberrations.
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