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Stalled replication forks are processed in post-replication repair by homo-
logous recombination, fork regression, and translesion DNA synthesis. How-
ever, the regulation of pathway usage is not fully understood. Rad51 protein
maintains genomic stability through its roles in recombination and in pro-
tecting stalled replication forks. We report isolation of mutations in Sacchar-
omyces cerevisiae Rad51 that shift post-replication repair from recombination
to alternate pathways including mutagenic translesion synthesis. Rad51-E135D
and Rad51-K305N show near normal in vitro recombination despite changes in
their DNA binding profiles, in particular to dsDNA. The mutants lead to a defect
in Rad51 recruitment to stalled forks in vivo as well as a defect in the protection
of dsDNA from degradation by Dna2-Sgsl and Exol in vitro. Together, the
evidence suggests that Rad51 binding to duplex DNA is critical to control
pathway usage at stalled replication forks.

Homologous recombination (HR) provides a central pathway to
maintain genomic stability’. In the context of double-strand break
(DSB) repair in mitotically growing cells, HR uses the intact sister
chromatid as a template for DNA repair synthesis’. Initially, the DSB is
resected in a 5-3’ direction to generate 3’-OH ending single-stranded
DNA tails®. Resection is initiated by the Mrell nuclease in the Mrell-
Rad50-Xrs2 complex, which, in conjunction with Sae2, can also process
chemically complex DSB including those covalently bound to proteins.
After an initial endonucleolytic incision and 3’-5" resection by the
Mrell nuclease, two long-range nuclease pathways operate in the 5'-3’
direction including the dsDNA-specific exonuclease Exol and the

ssDNA nuclease Dna2, which functions in conjunction with the
helicase-topoisomerase complex Sgsl-Top3-Rmil that generates the
ssDNA substrate for Dna2. Resection involves 100 s if not 1000 s of
nucleotides of ssDNA which is bound by the ssDNA-binding protein
RPA. Nucleation of Rad51 filaments on RPA-coated ssDNA is achieved
by mediator proteins, mainly Rad52 in budding yeast, a role that is
usurped by the BRCA2 tumor suppressor protein in mammalian cells*.
The resulting Rad51-ssDNA filament catalyzes the signature HR steps of
homology search and DNA strand invasion to generate displacement
loops (D-loops) and prime repair DNA synthesis in conjunction with
the dsDNA motor protein Rad54*. In budding yeast, Rad54 is essential
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to D-loop formation in vivo and in vitro®®. The HR pathway, including
Rad51, Rad52, and Rad54, also supports DNA replication by recovering
broken replication forks in a process called break-induced replication
and through the repair of replication-associated single-stranded gaps
that occur after repriming’°.

Rad5l1 is the eukaryotic homolog of bacterial RecA with highly
similar functions in HR*"*'>, RecA, however, has at least two additional
functions in bacteria. It acts as a cofactor during translesion synthesis
(TLS) by DNA PolV and it triggers the SOS response, a bacterial DNA
damage response signaling pathway initiated by RecA-bound
ssDNA™"™, Currently, no data suggests that Rad51 plays a similar role
in eukaryotic TLS. A function of Rad51 bound to ssDNA in adaption to
DNA damage has been postulated, but the mechanism of this potential
role in DNA damage signaling has not been defined®”. Eukaryotic Rad51
proteins bind ssDNA and dsDNA with similar affinity and only a slight
preference for ssDNA'®", This is in strong contrast to bacterial RecA,
which strongly prefers binding to ssDNA??. Binding to ssDNA by
Rad5l1 is essential for HR, whereas Rad51 binding to duplex DNA inhi-
bits HR, providing the rationale for proteins that mediate the assembly
of Rad5l filaments on ssDNA and the dissociation of Rad51 from
dsDNA'*?22%, Rad51 binding to chromosomal duplex DNA may also be
limited by chromatin and accessibility. This poses the question, why
did high-affinity dsDNA binding evolve in eukaryotic Rad51 and what is
its function?

An independent role of some HR proteins in response to repli-
cation stress has been identified in vertebrate cells in protecting nas-
cent DNA at replication forks from pathological degradation by MRE11,
DNA2 or EXO17"%°. Blockage of the replicative helicase or DNA poly-
merases and regressed forks generate substrates for these nucleases in
the form of ssDNA/dsDNA junctions in gaps. In addition, fork reversal
generates a DSB at the spur of the chicken foot structure. The HR
proteins required for fork protection are BRCA2 and RADS5I1 but not
RAD54”%, suggesting that RADS1 filament formation but not the
entire HR process is required for fork protection. This is consistent
with separation-of-functions mutants in human RAD51 and BRCA2 that
affect differentially the HR and fork protection functions”*°. The
mechanisms involved and the exact binding sites for BRCA2 and RAD51
to protect stalled replication forks are not fully understood and recent
work suggested an involvement of RADS1 binding to dsDNA*2, It is
unclear how fork protection relates to the response to replication
stress in yeast.

Replication stress and fork stalling can be elicited by unusual DNA
structures, protein-DNA complexes, limiting nucleotide pools, inter-
ference from transcription as well as endogenously and exogenously
induced DNA damage”. Stalling at DNA damage sites on the leading
and lagging DNA strands can be overcome by direct translesion
synthesis (TLS) or downstream repriming leaving a post-replicative
gap’?**. Such a gap can either be closed by TLS or a homologous
recombination (HR)-based mechanism of template switching (TS)
using the sister chromatid as a donor. These processes may be spatially
and temporally uncoupled from the replication fork* %, TLS skips the
lesion through the engagement of specialized DNA polymerases®. In
yeast, a key TLS polymerase is Pol zeta (Pol {), a four-subunit assembly
of Pol31, Pol32, Rev7 and the catalytic subunit Rev3*°. TLS is supported
by monoubiquitylation of PCNA at lysine 164 by the Radé E2 ubiquitin
conjugase in concert with the Radl8 E3 ubiquitin ligase*"*2. HR is cri-
tical for TS and involves the formation of Rad51-ssDNA filaments that
perform homology search and DNA strand exchange in conjunction
with its co-factors the Rad51 paralogs Rad55-Rad57 and the dsDNA
motor protein Rad54°1%43,

Unique to fork stalling at leading strand lesion is the process of
fork regression, another mechanism of TS, where the fork regresses
into a four-stranded structure called a chicken foot. Yeast Rad5 was
shown to promote fork regression in vitro**. However, in vivo, DNA
damage checkpoint signaling suppresses fork regression in yeast and

direct electron microscopic analysis detected few regressed forks in
wild type cells after the addition of hydroxyurea (HU), an inhibitor of
ribonucleotide reductase that leads to fork stalling®. In contrast, in
mammalian cells, fork regression is frequently observed in response to
various fork stalling agents including HU, methyl methanesulfonate
(MMS) and UV, and this process is dependent on the central HR protein
RAD51* as well as the human RAD5 homolog HLTFY. Contra-
directional migration of the regressed fork can reestablish a replica-
tion fork with the original lesion being avoided. In human cells, fork
regression and restart of regressed forks are controlled by a complex
ensemble of dsDNA translocases (ZRANB3, SMARCALIL, HLTF) and
DNA helicases (FBH1, RECQI) regulated by poly-ubiquitylation of
PCNA”. Alternatively, the chicken foot structure which creates a DSB
could be processed by 5-3" exonucleases to generate a 3-ending
ssDNA strand available for Rad51 filament formation and DNA strand
invasion in front of the fork stall point to restart DNA synthesis*. In
sum, TS comprises several mechanistically diverse processes, includ-
ing fork regression and several forms of gap repair, which can occur at
the stalled fork or behind the stalled fork*. How the usage of these
different pathways is managed is currently not fully understood. One
aspect is PCNA poly-ubiquitylation by the ubiquitin-conjugating
complex Ubc13/Mms2 and Rad5*, but it is not clear whether all TS
pathways are affected. Consistently, inactivation of PCNA poly-
ubiquitylation by a ubci3 mutation inhibits TS leading to a strong
increase in the use of the TLS pathway™. Interestingly, Rad5 also pro-
vides an additional pathway to recruit TLS polymerases to stalled
forks® . Another regulator in budding yeast appears to be the Srs2
helicase, which has the ability to strip Rad51 from ssDNA, an activity
that is counteracted by Rad55-Rad57°° %, Interestingly, Srs2 is recrui-
ted to stalled forks by sumoylation of PCNA on lysines 127 and 164
thanks to its C-terminal SUMO binding motif***°. The genetic obser-
vations that sensitivity to fork stalling agents caused by mutations in
Rad5, Radé6 and Radl8 that abolish TLS and TS are largely suppressed
by mutations in Srs2 are consistent with a model that Srs2 suppresses
activation of an HR-dependent TS pathway independent of PCNA
ubiquitylation (also termed salvage pathway) when recruited by
SUMO-PCNA®®*, In sum, HR-dependent and independent TS as well as
TLS pathways operate at regressed forks in yeast, but it remains
unclear what regulates their usage®“.

To define what controls pathway usage at stalled replication forks
in the budding yeast Saccharomyces cerevisiae, we isolated mutants in
RADS1, which severely affect pathway usage at replication forks stalled
by the alkylating agent MMS. The mutants display sensitivity to MMS,
and their survival strongly depends on other post-replication repair
pathways, namely TLS and fork regression. We directly show that
pathway usage at fork stalling lesions is dramatically changed. The
Rad51 mutant proteins are poorly recruited to stalled forks in vivo and
cannot protect dsDNA from exonucleolytic attack in vitro. Biochemical
analysis identified a strong defect in dsDNA binding as the major
characteristic that correlated between the in vitro and in vivo pheno-
types of the mutants. We suggest that Rad51 binding to dsDNA is a
major determinant in post-replication repair and that the properties of
the Rad5l1 filament are critical for pathway usage at stalled forks. While
the mutants were proficient in spontaneous and DSB-induced sister
chromatid recombination, they displayed reduced interhomolog
recombination likely caused by a defect in forming extended filaments
on DNA, suggesting different requirements for inter-sister recombi-
nation versus a genome-wide homology search.

Results

RAD51 mutant isolation

Rad51 protein functions as the central homology search and DNA
strand invasion factor during HR, which involves filament formation on
ssDNA. In anindependent role, Rad51 protects stalled replication forks,
but the mechanisms involved are less well defined. Rad54 is a dsDNA
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Fig. 1| Isolation, validation, and MMS sensitivity of rad51-ED and rad51-KN.

A Scheme to isolate rad51 mutants with predicted phenotypes for wild type cells
(WT), rad5IA rad54® cells with wild type RADS1 (RADSI) and a candidate mutant
(candidate). B Validation of mutant phenotype with plasmid-borne gene by trans-
formation into fresh tester strains. Serial dilution assays of rad51 mutations at 37 °C
in the presence and absence of 0.002% MMS (radSIA rad54“: WDHY2546 with
PWDH957 (RADSI), pWDH954 (radS1-ED), pWDH953 (rad51-KN); radSIA rad54A:
WDHY2544 with pWDH957 (RAD51), pWDH954 (rad51-ED), pWDH953 (rad51-KN)).
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following exposure to varying levels of MMS (0.0025%, 0.005%, 0.0075%, 0.01%,
0.02%, and 0.03%) was measured as the number of colonies formed on YPD relative
to unexposed cells (0% MMS) in the following genotypes: wild type (WT)
(WDHY3960), rad51A (WDHY3898), rad54A (WDHY3961), radSI1A rad54A
(WDHY3959), rad51-KN (WDHY3962), rad51-ED (WDHY3548), rad51-KN rad54A
(WDHY3963), and rad51-ED rad54A (WDHY3547). The mean and SEM were calcu-
lated from a minimum of three independent cultures. Source data are provided as a
Source Data file.

motor protein that is critical for HR but not required for fork protec-
tion in mammalian cells”. Using sensitivity to the fork stalling agent
MMS, we isolated two mutations in RADSI, each with a single amino
acid change, rad51-E135D (referred to as rad51-ED) and rad51-K305N
(referred to as rad51-KN), that suppress the MMS-sensitivity of rad51
rad54 double mutants (Fig. 1A). In high copy when borne on a 2
plasmid, both rad51 mutants substantially suppressed the MMS sen-
sitivity of a radSIA rad54° double mutant at the restrictive tempera-
ture. There was also significant but less extensive suppression of the
MMS sensitivity of a rad5IA rad54A double mutant (Fig. 1B). We sur-
mise that the RADSI mutants change Rad51 filament properties that
allows use of alternate post-replication repair pathways at stalled forks
to bypass the block in HR imparted by the RAD54 mutation.

rad5I-ED and rad51-KN cause sensitivity to fork stalling

To study these mutations in a more controlled fashion, we introduced
them into the chromosomal RAD51 gene and conducted survival assays
through colony formation (Fig. 1C-E). We found the expected high
sensitivity of rad5I1A and rad54A mutant cells to MMS and the expected
epistasis between both mutations (Fig. 1C). The rad51-ED mutant was as
sensitive to MMS as the rad5IA strain, whereas the rad51-KN was only
mildly more sensitive than wild type cells, notable only at higher MMS
doses (Fig. 1D). Neither chromosomal mutant was able to suppress the
MMS sensitivity of a rad54A mutation in the colony formation assay
(Fig. 1E), suggesting that the overexpression during mutant isolation
was a factor. We also note that the colony formation assay (Fig. 1C-E)
measures survival whereas the serial dilution assay used in the screen
and validation (Fig. 1B) measures a sum of growth and survival. The
steady-state levels of the Rad51-ED and Rad51-KN mutant proteins were
somewhat elevated compared to wild type Rad51 protein (Supple-
mentary Fig. 1), eliminating the possibility that low protein levels are
the cause of the observed phenotypes. We conclude that Rad51-ED and
Rad51-KN are mutant proteins with altered functions in the cellular
response to MMS.

rad51-KN is proficient in sister chromatid recombination while

rad51-ED has a subtle defect

To assess the recombination properties of the newly isolated rad51
mutants, we employed a well-established sister chromatid recombi-
nation assay that allows monitoring of spontaneous and DSB-induced
recombination between two directly repeated copies of mutant leu2
genes that can give rise to Leu’ recombinants (Fig. 2A). The system
uses URA3 as a marker between the repeated leu2 genes to distinguish
gene conversion events (Leu’ Ura®) from other events that include
single-strand annealing, intra-chromatid crossing over, unequal sister-
chromatid exchange, unequal sister-chromatid conversion, and repli-
cation slippage and are summarily called pop-out events (Leu®, Ura).
Spontaneous pop-out events in this system are largely mediated by
Rad52-dependent strand annealing and are independent of Rad51
(ref. 66 and Fig. 2B left). Neither rad5IA and rad54A nor rad51-ED and
rad51-KN mutations affected these events. The Leu* Ura* gene con-
version events strongly depended on Rad51, Rad52, and Rad54, as
expected (Fig. 2B right). The rate for spontaneous Leu+ Ura+ events in
radSI-ED was slightly but statistically significantly reduced (p = 0.017),
while radS1-KN (p = 0.084) was not. The mutants did not suppress the
recombination defect caused by the rad54A mutation (Fig. 2B right).
The frequency of both events (Leu* Ura*, Leu® Ura’) can be dramatically
stimulated by the induction of a DNA double-stranded break using a
galactose-controlled version of the HO-endonuclease which cleaves a
HO recognition site engineered between the repeated mutant leu2
genes (Fig. 2A). In determining the frequencies of DSB-induced pop-
out (Leu" Ura) and gene conversion (Leu" Ura®’) events, the results
showed that the rad51-ED and rad51-KN mutants exhibited no inter-
ference with pop-out events, no defect in DSB-induced gene conver-
sion, and no suppression of the rad54A gene conversion defect
(Fig. 2C). We conclude that radSI-KN is proficient for mitotic sister
chromatid recombination, while radS5I-ED has a subtle defect in
spontaneous gene conversion but is fully proficient for DSB-induced
events.
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Fig. 2 | rad51-ED and rad51-KN are recombination-proficient and cannot sup-
press the recombination defect of rad54. A Direct repeat recombination assay®’.
HO: HO endonuclease cleavage site. B Spontaneous recombination rate data.

C Recombination frequency data after DSB induction. Strains were freshly dis-
sected from diploid strains and single spore clones were assayed, a minimum of
11-16 single clones were assayed per genotype, specific values for n are given with
the genotypes. The median recombination rates/frequencies are given with the 95%
confidence intervals'®®. The indicated p-value is derive from a two-tailed t-test.
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in Supplementary Fig. 2. The data are all relative to the number of colony forming
units (cfu) on YPD. Relevant p values are given. ns: not significant. No other dif-
ferences involving rad51-ED and rad51-KN were significant. Source data are pro-
vided as a Source Data file.

While rad52A showed a significant survival defect after DSB
induction by HO, rad5IA and rad54A showed a smaller survival defect
(Supplementary Fig. 2), as expected. This reflects the involvement of
Rad52 in both pop-out and gene conversion events, whereas pop-out
events are unaffected in rad51A and rad54A cells, allowing substantial
DSB repair. The rad51-ED mutant shows slightly better survival after
DSB induction than rad5SIA cells which was within the error of the
experiment, whereas rad51-KN cells survived significantly better than

radSIA (Supplementary Fig. 2). This difference in response to a single
DSB between both mutants was also recapitulated by their differential
sensitivity to 100 Gy of ionizing radiation in serial dilution plate assays,
where rad51-ED was IR sensitive but somewhat less so than rad5I1 A
(Supplementary Fig. 3A, compare rows 1 and 5). rad51-KN showed
resistance to IR that was equivalent to wild type cells (Supplementary
Fig. 3A, compare rows 5 and 9). We conclude that rad51-ED has a sur-
vival defect in response to a single DSB or IR despite being fully
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Fig. 3 | rad51-ED and rad51-KN are defective in inter-homolog recombination.
A Schematic representation illustrating the D-loop capture (DLC) assay.

B Schematic representation depicting the construct of the DLC assay strain.

C Quantification of the DLC signal from the wild type (WDHY5509), rad51-ED
(WDHY6283) and rad51-KN (WDHY6288) strains obtained at 2 h post HO induction.
Error bars, SEM (n=2). D Zoomed-in comparison of the DLC signal between rad5I-
ED (WDHY6283) and rad5I1-KN (WDHY6288) strains obtained at 2 h post HO
induction. Error bars, SEM (n = 2). E Schematic representation illustrating the
construct for the Break-Induced Replication (BIR) assay. F Quantification of the BIR
efficiency from the wild type (WDHY6298), rad51-ED (WDHY6304) and rad51-KN
(WDHY6299) strains. Error bars, SEM (n =3 for wild type, n =2 for rad51-ED, rad5I-

Time post-DSB induction (hours)

KN), **: P<0.0004. G Zoomed-in comparison of BIR efficiency between rad51-ED
(WDHY6304) and radSI-KN (WDHY6299). Error bars, SEM (n = 2). H Agarose gel
analysis was conducted to assess PCR products from various primer sets, exam-
ining the kinetics of Break-Induced Replication (BIR) product formation (P1and P2),
DNA loading control (C1 and C2), and DSB cleavage efficiency (D1 and D2) from the
indicated strains at various time points following HO induction. I Plot illustrating
the quantification of Break-Induced Replication (BIR) products at each time point,
as obtained from (H). Statistical analysis of DLC and BIR results for each mutant was
compared with their respective paired mutants using a two-way ANOVA in Prism 10
(GraphPad Software). Source data are provided as a Source Data file.

proficient in DSB-induced inter-sister HR. This may be related to the
signaling role of DNA bound Rad51 affecting adaptation from DNA
damage”. IR also induces base damages that may elicit replication fork
stalling leading to a possible alternate interpretation that the IR-
sensitivity of the mutants is related to fork protection (see below),
although we did not further explore the IR phenotype.

rad5I-ED and rad51-KN exhibit a defect in interhomolog
recombination

To further define the HR phenotypes of the rad51-ED and rad51-KN
mutants we conducted a series of physical and genetic HR assays that

require genome-wide homology search. To directly test the ability of
the mutant protein to form D-loops in vivo, we first employed the
D-loop capture (DLC) assay®. In short, this assay physically monitors
D-loop formation between an HO-induced DSB on chromosome V with
a homologous donor on chromosome Il (Fig. 3A, B) by capturing the
D-loop through psoralene-crosslinking and using proximity ligation
between two EcoRl sites adjacent to the DSB and donor site to quantify
by qPCR the amounts of D-loops. The DLC signal completely depends
on Rad51, with an over 100-fold reduction in signal in the radSiA
mutant®. The radSI-ED and radSI-KN displayed a strong defect in
D-loop formation, with rad51-ED being significantly more affected than
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rad51-KN (Fig. 3C, D). We confirmed this observation in an independent
assay measuring BIR between a DSB on chromosome V and a donor
site on chromosome XI, which also showed a strong defect in both
mutants with rad51-ED being more affected than rad5I-KN in BIR effi-
ciency measured through the genetic endpoint (LYS +) and the phy-
sical product (Fig. 3E-1). We conclude that rad51-ED and rad51-KN lead
to substantial defect in recombination requiring genome-wide
homology search, despite their substantial proficiency in sister chro-
matid recombination.

Rad51-ED and Rad51-KN proteins exhibit a strongly reduced Kd
for dsDNA

Rad51-E135 is an invariable residue in a highly conserved region of the
eukaryotic Rad51 proteins which is not conserved in the bacterial RecA
homologs. Rad51-K305 is conserved in most Rad51 proteins in its
charge (K or R), although some Rad51 proteins carry hydrophobic
amino acids (L, A) at this position (Supplementary Fig. 5A). Both resi-
dues are not directly involved in DNA or nucleotide co-factor binding
in the Rad51-ssDNA-ADP-AIF; structure® (Supplementary Fig. 5B),
although K305 is part of an alpha helix that ends in R293 which
intercalates between bases to enforce the triplet spacing of DNA
bound to Rad51 (Supplementary Fig. 5C). To better understand the
underlying biochemical defects and mechanisms involved, we purified
the native mutant proteins to apparent homogeneity for biochemical
analysis (Supplementary Fig. 5D). The mutant proteins purified like the
wild type protein and were free of contaminating activities (endo/
exonuclease, topoisomerase, phosphatase) that would interfere with
the in vitro experiments and their interpretation.

The key biochemical activities of Rad51 are binding and filament
formation on DNA, DNA-stimulated ATP hydrolysis, homology search
and DNA strand invasion, which underlie its functions in HR and at
stalled forks. First, we measured DNA binding of 100 nt and 100 bp
substrates using electrophoretic mobility shift assays (EMSA) (Fig. 4).
The binding to ssDNA by wild type Rad51 showed a Kd of 497 + 39 nM
for 50nM NaCl and 578 +27nM for 100 mM NaCl consistent with
previous measurements’®. Rad51-ED showed identical behavior
(Kd=486 +12nM for 50mM NaCl, 602+11nM for 100 mM NaCl),
whereas Rad51-KN had slightly higher affinity than wild type Rad51 with
aKd of 339 + 10 nM for 50 mM NaCl and 402 + 3.3 nM for 100 mM NaCl
(Fig. 4A). The mutant complexes showed more of a smear, which is
likely related to subtly reduced stability of the protein:ssDNA com-
plexes. Importantly, in contrast to ssDNA, both mutants showed a very
significant defect in binding to dsDNA, such that a Kd could not be
calculated (Fig. 4B). The defects of both proteins were stronger at
elevated salt concentration (100 vs. 50mM NaCl). The Rad51-ED
mutant protein showed consistently a stronger defect than the RAD5I1-
KN protein. We extended these results using longer DNA substrate
(ssDNA: ®X174 viral DNA 5386 nt; dsDNA: ®X174 RF1 5386 bp) by
conducting salt midpoint titrations (Supplementary Fig. S6). The salt
titration curves allowed the calculation of salt titration midpoints
(STM; Supplementary Fig. 6E) as the salt concentration, at which 50%
of the protein-DNA complexes are formed. A lower STM signals lower
affinity for DNA. Under no salt conditions (0 mM NacCl), both mutant
proteins showed no defect in binding to ssDNA and a small but sig-
nificant defect for dsDNA (Supplementary Fig. 6C, D). The defect for
Rad51-ED was again significantly stronger than with Rad51-KN for both
substrates. In fact, at physiological ionic strength (-120 mM NaClI®®),
dsDNA binding was largely suppressed, especially for Rad51-ED. In
contrast to the 100 nt substrate, the mutants showed a defect in ssDNA
binding with the longer substrate, which is explained by the formation
of some duplex regions in the more complex ssDNA substrate and
possibly by reduced stability of ssDNA binding.

To further explore the DNA binding defect, we examined the
Rad51 filaments on 1000 bp dsDNA and 700 nt ssDNA substrates by
electron microscopy (EM). Unexpectedly, we saw a significant defect

of both mutants to form extended nucleoprotein filaments on both
substrates (Supplementary Fig. 7). As in the EMSA and STM assays, the
defect in dsDNA binding was more pronounced than with ssDNA
(compare Supplementary Fig. 7D with H). The defect with rad51-KN
was more pronounced than with Rad51-ED. This defect correlated with
severely diminished Rad51 focus formation in response to MMS as
observed by immunofluorescence (Supplementary Fig. 8). It is unclear
whether the MMS-induced Rad51 foci represent Rad51 bound to
ssDNA, dsDNA or both, but the results suggest that the filament length
of both mutants in cells is below the detection threshold in our
experiment.

Rad51-ED and Rad51-KN proteins have altered ATPase profiles
The ATPase of Rad51 is strongly dependent on DNA binding, and an
ATPase defect could be a consequence of an underlying DNA binding
defect. We measured the ATPase activity of the mutant proteins along
with wild type Rad51 at 200 mM NaCl to accentuate potential differ-
ences. The ATPase activities of the mutant proteins were diminished
with both ssDNA and dsDNA co-factors. The defect of the Rad51-ED
mutant protein was significantly more pronounced than that of the
Rad51-KN mutant (Fig. 5A, B).

Rad51-ED and Rad51-KN proteins are proficient in D-loop
formation

The in vitro recombination activity of the mutant proteins was asses-
sed in the classic D-loop assay using a tailed 100mer with a 5° 25bp
duplex region and a 2686 bp negatively supercoiled duplex target DNA
in reconstituted reactions with Rad51, Rad54 and RPA conducted as a
time course at the same salt concentrations (50 mM Supplementary
Fig. 9A-C; 100 mM NaCl Fig. 5C-E) as the EMSA assays of Fig. 4. Rad51
wild type protein showed the expected behavior of forming D-loops
peaking at 5 min that were processed over time (Fig. 5E). The mutant
Rad51-ED and Rad51-KN proteins were as effective as wild type Rad51in
forming D-loop in vitro and the D-loops formed showed somewhat
higher D-loop instability over time (Fig. 5E). This is consistent with a
functional defect in binding dsDNA, as after D-loop formation Rad51 is
bound to dsDNA, from where it is displaced for D-reversal by Rad54%.
D-loop formation by the Rad51-ED and Rad51-KN proteins was fully
dependent on Rad54, identical to wild type Rad51 (Supplementary
Fig. 9D), as expected from the genetic experiments (Fig. 2). We con-
clude that the Rad51-ED and Rad51-KN mutant proteins are proficient
in D-loop formation, consistent with the in vivo inter-sister recombi-
nation data (Fig. 2).

In sum, the biochemical analysis of the Rad51-ED and Rad51-KN
proteins showed that they are proficient in forming D-loops in vitro
and largely proficient in binding ssDNA. The major defect is in binding
to dsDNA, which we further explored below.

Rad51-ED and Rad51-KN fail to protect dsDNA from Exo 1

or Dna2

Besides its key function in HR by forming the presynaptic filament on
ssDNA for homology search and DNA strand invasion, Rad51 protects
nascent DNA at stalled DNA replication forks from unscheduled
degradation by nucleases including Exol and Dna2. The fork protec-
tion function of certain HR proteins was first noticed in human cells,
particularly in BRCAl/2-deficient backgrounds”~*°. The DNA protec-
tion function of RADS51 s distinct from its role in HR, as indicated by the
absence of a requirement for RAD54%. However, the fork protection
function of RAD5I involves its binding to dsDNA*-*2,

To define the capacity of the yeast Rad51 variants in DNA pro-
tection, we employed in vitro assays with 100 bp-long dsDNA (Fig. 6A).
We first used yeast Exol, one of the nucleases involved in long-range
DNA end resection. Without Rad51, Exol degraded ~90% of the DNA
substrate. Wild type Rad51 inhibited DNA degradation by Exol, while
the two Rad51 mutants, Rad51-KN and Rad51-ED, did not protect DNA
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(Fig. 6B, C). Similar results were obtained when we used the Sgs1-Dna2
helicase-nuclease pair. While wild type Rad51 efficiently prevented
DNA degradation, Rad51-KN and Rad51-ED were much less effective
(Fig. 6C, D). Mechanistically, Rad51 prevents DNA unwinding by Sgs1,
which prevents the generation of ssDNA for the Dna2 nuclease (Sup-
plementary Fig. 10). Rad51-KN and Rad51-ED did not prevent unwind-
ing (Supplementary Fig. 10B, C). Together, our reconstitution
experiments revealed that Rad51-KN and Rad51-ED are impaired in
dsDNA protection.

Synergy with defect in post-replication repair

The biochemical analysis revealed a significant dsDNA binding defect
in the mutants and a defect in protecting dsDNA from nuclease
degradation. These properties are associated with replication fork

stabilization by Rad51 and prompted us to explore the genetic inter-
actions of radSI-ED and rad51-KN with mutations affecting various
aspects of post-replication repair. We first tested a deletion mutation
of REV3, which by itself shows no sensitivity to MMS at the low levels
(0.0033%) used for the serial dilution assays in this experiment (Fig. 7A
row 3). This contrasts with the significant sensitivity of HR-defective
mutants (rad54A row 2, radSIA row 5, radSIA rad54A row 6). An HR
defect displayed strong synergy with a defect in REV3 leading to
extreme MMS sensitivity and also affecting growth/survival on YPD
growth media without MMS (rad54A rev3A row 4, radSIA rev3A row 7,
rad5IA rad54A rev3A row 8). These results were expected and show
that HR and TLS represent parallel competing pathways to process
MMS-induced DNA damage, and the single mutant phenotype sug-
gests that HR plays a more prominent role in wild type cells than TLS.
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radSI1-ED showed the MMS sensitivity expected from the previous
experiments (Fig. 1D, Supplementary Fig. 3A) that rivals that of a
complete HR defect (Fig. 7A compare rad54A row 2, radSIA row 5,
radSIA rad54A row 6 with rad51-ED row 9). The rad51-ED rev3A double
mutant showed extreme MMS sensitivity and a growth/survival defect
on YPD, like a complete HR defect (Fig. 7A compare radSI1-ED row 9
with rad51-ED rev3A row 11). The addition of a rad54A mutation to these
strains (rows 10, 12) did not further increase MMS sensitivity or the
growth/survival defect on YPD. The low MMS concentration (0.0033%)
was needed to compare the widely varying sensitivity of all strains on a
single plate. rad51-KN showed little to no MMS sensitivity in the serial
dilution assays (Fig. 7B row 9), as expected from Fig. 1, where this
mutant showed MMS sensitivity only at high MMS concentrations.
Remarkably, rad51-KN showed synergy with rev3A (Fig. 7 row 11),
although none of the single mutants were measurably sensitive at the
concentration used (rows 3, 9). These results show that MMS-stalled
forks in rad5I-ED cells are preferentially processed by TLS similar to
the situation in cells with a complete HR defect, although this mutant is
capable of normal HR. The rad51-KN mutant shows similar but less
pronounced phenotypes.

Next, we tested the role of Mms2, which is required for poly-
ubiquitylation of PCNA at Kl164" and template switching. In

quantitative survival assays, we confirmed the relative mild MMS sur-
vival defect of mms2A cells compared to HR-defective cells (rad51A,
rad54A). Analysis of the rad5IA mms2A and rad54A mms2A double
mutants revealed a non-epistatic relationship between an HR defect
and a loss of Mms2 function (Fig. 7C). These results show that in wild
type cells HR makes a stronger contribution to MMS survival than
pathway(s) dependent on PCNA poly-ubiquitylation. Moreover, these
results suggest that Mms2 controls a strand exchange-independent
template switching mechanism, in analogy to mammalian cells’. This
mechanism is unlikely to be HR-mediated gap repair that is Rad51
dependent; alternatively, it could be fork regression operating in yeast
in a Rad51-independent manner. rad51-ED showed the MMS sensitivity
expected from the previous experiments (Fig. 1D) that rivals that of a
complete HR defect. rad51-ED showed the same increase in MMS
sensitivity in the double mutant with mms2A as the radS5IA strain that
remained unchanged by adding a rad54A mutation (Fig. 7D). radS1-KN
showed little MMS sensitivity as expected from Fig. 1, which was similar
to the MMS sensitivity of the mms2A single mutant (Fig. 7E). Remark-
ably, rad51-KN showed strong synergy with mms2A that was further
enhanced by fully eliminating HR through a rad54A mutation (Fig. 7F).
We conclude that MMS-stalled forks in rad51-ED cells have a higher
propensity to be processed by a Mms2-dependent pathway
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Fig. 6 | Rad51-KN and Rad51-ED are defective in protecting dsDNA from
degradation by Exol or Dna2-Sgsl. A Cartoon depicting the nuclease assay with
Exol performed in panels B-C. The red asterisks represent the position of the
radioactive label. B Representative nuclease assays of Exol using a 100 bp DNA
substrate in the presence of increasing concentrations of Rad51 wild type and
variants, as indicated. In lanes 7, 14 and 21, the substrate was boiled to indicate the
position of the ssDNA. C Quantitation of experiments such as shown in (B).

Averages shown; error bars, SEM; 3 independent experiments (n=3). D Cartoon
depicting the nuclease assay with Sgs1-Dna2 performed in (E, F). The red asterisks
represent the position of the radioactive label. E Representative nuclease assay with
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(hypothetically fork regression) similar to the situation in cells with a
complete HR defect. The rad51-KN mutant shows a less accentuated
phenotype.

Furthermore, we tested a PCNA mutant (encoded by the POL30
gene in budding yeast), which eliminated the K127 and K164 acceptor
sites (pol30-K127R,K169R abbreviated as pol30-KKRR) for ubiquityla-
tion and sumoylation to obstruct Srs2-mediated anti-recombination,
TLS, and TS (likely fork regression) pathways. This double mutant
displayed only very mild MMS sensitivity at the low (0.0033%) con-
centration used (Fig. 7F row 3), as expected*.. This result suggests that
under these conditions the salvage HR is the predominant pathway.
This notion is confirmed by the extreme synergy in MMS sensitivity
with an HR defect as well as the strong growth/survival defect on YPD
(Fig. 7F, compare pol30-KKRR row 3 with rad54A pol30-KKRR row 4 or
rad51A pol30-KKRR row 7 or rad51A rad54A pol30-KKRR row 8). rad5I-
ED mimicked again the behavior of a complete HR defect (Fig. 7F;
compare radSI1-ED row 9 with rad51-ED pol30-KKRR row 11) including
the remarkable growth/survival defect on YPD lacking MMS. Con-
sistent with the genetic interaction analysis involving rev3A and
mms2A, the rad51-KN mutant shows a less pronounced phenotype
which was enhanced by a complete HR defect (Fig. 7G, compare rad5I-
KN row 9 with rad51-KN pol30-KKRR row 11 and with rad51-KN rad54A
pol30-KKRR row 12). We conclude that in rad51-ED and rad51-KN cells,
HR-independent template switching and TLS process a larger fraction
of MMS-stalled forks than in wild type cells.

Finally, we used a subtle mutation in RADS, rad5-G535R, which by
itself has little to no phenotype” (Supplementary Fig. 3C). Rad5 pro-
motes PCNA polyubiquitylation and template-switching and also plays
a role in recruiting TLS polymerases, affecting two major post-

replication repair pathways. In consequence, the deletion of the
RADS gene causes one of the most pronounced MMS sensitivities
caused by a single mutant in budding yeast, requiring a rads allele with
a more subtle phenotype. In serial dilution assays, we noticed some
suppression of the MMS sensitivity of rad54A by rad51-ED and radS5i-
KN which depended on the wild type RADS gene (Supplementary
Fig. 3B compare rad51-ED rad54A RADS row 4 with rad51-ED rad54A
rad5-G535R row 3 and rad51-KN rad54A RADS row 10 with rad51-KN
rad54A rad5-G535R row 11). The discrepancy between the results from
the serial dilution (Supplementary Fig. 3) and colony formation assays
regarding rad54 suppression (Fig. 1) is explained by the fact that serial
dilution assays measure a sum of growth and survival, whereas colony
formation measures survival only. These results reinforce the conclu-
sion that rad51-ED and rad51-KN rely more heavily on TLS and HR-
independent template switching to process stalled replication forks.
The rad5-G535R mutation did not affect the IR sensitivity of rad51-ED or
rad51-KN (Supplementary Fig. 3A) and has been described as wild type
for IR resistance (https://wiki.yeastgenome.org/index.php/
CommunityW303.html).

From this genetic analysis with four genes affecting single or
multiple post-replication repair pathways, we conclude that the bal-
ance between post-replication repair pathways is significantly altered
in the rad51-ED and rad51-KN mutants.

rad51-ED and rad51-KN display a strong mutator phenotype

HR-defective cells such as radSIA or rad54A mutants display a con-
siderable mutator phenotype likely caused by spontaneous DNA
damage that, instead of being repaired or tolerated by high fidelity HR,
is processed by the error-prone TLS pathway, causing an increase in
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(WDHY1636), rad54A (WDHY1275), pol30-KKRR (WDHY3555), rad54A pol30-KKRR
(WDHY3563), rad51A (WHDY2542), rad51A rad54A (WDHY2544), radSIA pol30-
KKRR (WDHY3783), radSIA rad54A pol30-KKRR (WDHY3780), rad51-ED
(WDHY3548), rad51-ED rad54A (WDHY3546), rad51-ED pol30-KKRR (WDHY3561),
radSI-ED rad54A pol30-KKRR (WDHY3570), rad51-KN (WDHY3962), rad51-KN
rad54A (WDHY3572), rad51-KN pol30-KKRR (WDHY3557), rad51-KN rad54A pol30-
KKRR (WDHY3568). Source data are provided as a Source Data file.
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Fig. 8 | rad51-ED and rad51-KN display a strong mutator phenotype. The
spontaneous CANI mutation rate from a minimum of 12 single clones was assayed.
Freshly dissected diploid strains allowed for multiple strains of the following gen-
otypes to be created: WT (n =22) and rad51A (n=20) (WDHY4204), rad54A (n=14)
(WDHY4205), rad51A rad54A (n=12) (WDHY3162), rad51-KN (n =12) (WDHY4208),
rad51-KN rad54A (n =12) (WDHY4210), rad51-ED (n =12) (WDHY4207), and rad51-ED
rad54A (n=12) (WDHY4209). The mean rate and + 95% confidence interval were
calculated for each genotype. Fold increase compared to WT is given. Source data
are provided as a Source Data file.

spontaneous mutagenesis. We used the forward mutagenesis CANI
assay to determine the rate of spontaneous mutations and saw the
expected 9-10-fold increase in radSIA, rad54A single and double
mutants (Fig. 8). It was previously reported that this increase largely
depends on the central TLS polymerase component Rev3’>. To our
surprise, rad51-ED and rad51-KN showed a significant increase of 9-fold
and 6-fold, respectively, in their mutation rate. These values are not
significantly different from those of the radSIA, rad54A single and
double mutants. Both mutants did not suppress the mutator pheno-
type of the rad54A mutant (Fig. 8). Instead, rad5SIED slightly elevated
the mutation rate in rad54A cells from 9-fold in the single mutants to
24-fold in the rad51-ED rad54A double mutant, which may suggest that
the radSI1-ED mutant favors mutagenic events that are suppressed by
RADS54. We conclude that rad51-ED and radS5I1-KN show a significant
mutator phenotype due increased engagement of TLS at stalled
replication forks.

Dramatic shift from template switching to TLS

To investigate the effect of rad51-ED and rad51-KN mutants on lesion
bypass, we took advantage of the iDamage approach (Fig. 9A)°. In
short, a plasmid containing the single lesion of interest is stably
inserted at a specific locus of the yeast genome by means of the Cre
recombinase and modified lox sites. Cre-mediated recombination
between the mutant lox71 (on the vector) and the mutant lox66 (in the
genome) leads to a double mutant lox site that is no longer recognized
by the Cre recombinase, avoiding excision of the lesion-containing
vector. Lesion bypass is monitored by counting blue and white colo-
nies, as the lesion is inserted in the lacZ reporter gene (Fig. 9A). While
this system does not allow to study MMS-induced DNA damage, we
investigated the bypass of two common lesions: the thymine-thymine
pyrimidine(6-4)pyrimidone photoproduct [TT(6-4)], and the N2-dG-
Acetylaminofluorene (N2dG-AAF). All experiments were performed in
a parental strain where NER and mismatch repair are inactivated to
prevent the repair of the lesion and the DNA loop used as a strand
marker, respectively. We measured a level of TLS of ~5% and ~17% for
the TT(6-4) and the G-AAF lesions in this parental strain (Fig. 9B). The
inactivation of rad51 led to a decrease in the level of the template-
switching pathways (HR-mediated gap repair, fork regression) and a
concomitant increase in the level of TLS (Fig. 9B). In rad51A cells about
half of the template switching events remained, suggesting a sig-
nificant contribution of Rad51-independent template switching to the
total number of tolerance events. This reflects the competition

between template switching and TLS: when a template switching
pathway is inhibited, TLS is favored. Upon introduction of the same
lesion in the rad5I-ED and rad51-KN mutants, we observed the same
decrease in the use of template switching and the same increase in
TLS (Fig. 9B).

Defects in binding to stalled forks and forming sister chromatid
junctions

The recombinational processing of MMS-induced DNA lesions is
associated with the formation of Rad51-dependent sister-chromatid
junctions (SCJs). The previous genetic results suggested that thereis a
defect in rad51-ED and rad51-KN cells to process MMS-stalled replica-
tion forks. The accumulation of these recombination intermediates
can be detected as X-shaped structures by 2D electrophoresis in sgsiA
cells, which are defective in their dissolution”. To address the func-
tionality of Rad51-ED and Rad51-KN in the recombinational response to
MMS, we measured the accumulation of SCJs in cells synchronized in
Gl and released into S phase in the presence of MMS (Fig. 10A). Rad51-
ED and Rad51-KN are affected in their ability to promote SCJs as
inferred from the behavior of the mutants. sgsIA rad51-KN cells dis-
played a 1.7-fold reduction in the amount of SCJs along the analyzed
times that was mostly due to a delay in the accumulation of SCJs as
compared to the wild type. Remarkably, sgsIA rad51-ED was severely
affected in the accumulation of SCJs and reduced to ~20% of the wild
type levels. We conclude that the radSI-ED and, to a lesser degree,
rad51-KN mutants are defective in HR at MMS-stalled replication forks
leading to increased usage of alternate post-replication repair path-
ways. Alternatively, it is possible that in these mutants such structures
are less stable or more likely to be degraded.

The pronounced MMS sensitivity (Fig. 1, Supplementary Fig. 1)
and a severe defect in SCJs formation (Fig. 10A) of radSI-ED cells
contrasts with its near wild type behavior in direct genetic assays of HR
(Fig. 2). A mechanistic difference between the roles of Rad51 in HR at
DSBs and MMS-induced ssDNA is that the role of Rad51 at ssDNA
lesions is coupled to replication®, whereas the role of Rad51 at DSBs is
replication-independent’*”>. Thus, Rad51-ED might be specifically
affected in the binding to MMS-induced lesions during S-phase. To
address this, we constructed chimeras of Rad51 with the MNasel
(Rad51-MN) and followed their binding to DNA lesions by Chromatin
Endogenous Cleavage (ChEC) analysis. In this approach, the induction
of the nuclease activity of the chimera by treating cells with Ca** will
only generate a detectable cut in the DNA if the repair protein is tar-
geted to a lesion that is not a DSB. Thus, we can infer Rad51 binding to
DNA if DNA is digested upon Ca* treatment™. In the absence of MMS,
most DNA remained as a single, high molecular DNA band on top of the
gel; in the presence of MMS both Rad51-MN and Rad51-KN-MN gen-
erated a smear below the top band, whereas Rad51-ED-MN hardly
digested the top band (Fig. 10B). These results were fully reproducible
in two additional independent experiments (Supplementary Fig. 11A).
We conclude that Rad51-ED is severely impaired in binding to MMS-
stalled replication forks or that its DNA binding substrate is not formed
or degraded. Control experiments showed that the Rad51-ED-MN
fusion did not aggravate the DNA damage sensitivity of the radSI-ED
mutant, suggesting that the observed defect is not a consequence of
the MN fusion (Supplementary Fig. 11B). The Rad51-KN-MN fusion
sensitized the rad51-KN mutant (Supplementary Fig. 11B), although the
ChEC assay showed no defect for this mutant.

No effect on interaction with Rad55-Rad57

Rad51 paralog complex Rad55-Rad57 functions in the nucleation of
Radsl1 filaments on RPA-coated ssDNA. It also stabilizes the Rad51-
ssDNA filament against dissociation by the Srs2 helicase that has the
ability to strip Rad51 from ssDNA, therefore acting as an anti-
recombinase*®%, Detailed genetic analysis showed a strong similarity
between the phenotypes of cells lacking Rad55 and the rad51-ED or
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Fig. 9 | rad51-ED and rad51-KN shifts the balance from damage avoidance to
translesion synthesis in post-replication repair. A Outline of the iDamage
approach: a non-replicative plasmid containing a single lesion is integrated into one
of the yeast chromosomes using Cre/lox site-specific recombination. Using two lox
mutants (lox71 on the integrating vector and lox66 on the genome (not shown), the
integration event leads to a lox site with two mutation that prevent excision of the
integrated vector indicated as 10Xgouble mutant- The integrative vector carrying a
selection marker (LEU2) and the 5’-end of the lacZ reporter gene containing a single
lesion is introduced into a specific locus of the chromosome with the 3-end of lacZ.
The precise integration of the plasmid DNA into the chromosome restores a
functional lacZ gene, enabling the phenotypical detection of TLS and DA events (as
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blue and white colonies on X-gal indicator media). B Partitioning of DNA damage
tolerance pathways at a TT(6-4) photoproduct and at a G-AAF lesion. Tolerance
events represent the percentage of cells able to survive in the presence of the
integrated lesion compared to the lesion-free control in wild type (n=7 TT(6-4),
n =3 1AF) (SC53, SC55), radSIA (n=4 TT(6-4), n=3 IAF) (SC253, SC255), rad51-ED
(n=3 TT(6-4), n=2 IAF) (SC844, SC845) and rad51-KN (n=3 TT(6-4), n=3 IAF)
(SC868, SC869) strains. The data represent the average and standard deviation. N
values are given for each genotype and lesion. Unpaired two-tailed t-test was per-
formed to compare TLS and DA values from the different mutants to the parental
strain. *P< 0.05; *P < 0.005; **P < 0.0005 indicated for TLS (light blue) and DA
(gray), ns not significant. Source data are provided as a Source Data file.

rad51-KN mutants described here in their dependence on the TLS
polymerase Rev3”’. This opened the possible interpretation that the
radS1-ED and rad51-KN mutants affected the interaction of Rad51 with
the Rad55-Rad57 complex. Using purified wild-type Rad51 as well as
Rad51-ED and RADSI-KN proteins in pull-down experiments with the
purified Rad55-Rad57 complex, we could demonstrate that both
mutants interacted normally with the Rad51 paralog complex (Sup-
plementary Fig. 12). We conclude that the phenotypes of the rad51-ED
and rad51-KN mutants is not caused by a defect in interacting with
Rad55-Rad57.

Discussion

The major conclusion of this work is that properties of Rad51 deter-
mine pathway usage at stalled replication forks. We have isolated
mutants in RADS1, radSI-ED and rad51-KN that profoundly shift the
balance in the usage of post-replication repair pathways to TLS and
fork regression at replication forks stalled by MMS (Supplementary
Fig. 12A). This leads to a reliance of genes controlling TLS and fork
regression (Fig. 7, Supplementary Fig. 3), a strong mutator phenotype
(Supplementary Fig. 8), a directly demonstrated shift from HR to TLS
in post-replication repair (Fig. 9), and a defect targeting Rad51 to
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Fig. 10 | Rad51-ED is severely affected in binding to damaged DNA and Sister
Chromatid Junction formation. A rad51-KN and rad51-ED are defective in the
accumulation of Sister Chromatid Junctions (SC)), as determined by 2D gel analysis
of X-shaped molecules in sgsIA (W303sgsl), sgsIA rad51-KN (W303sr305) and sgsIA
radSI-ED (W303sr135) cells synchronized in G1 and released in the presence of
0.033% MMS. A schematic representation of the migration pattern of X-shaped
(SCJs) and Y-shaped (replication intermediates) molecules, as well as the DNA
content analysis of the different cultures along the time course, is shown on the left.
The panel on the right shows the amounts of X-shaped molecules relative to the
total amount of molecules at the indicated times. The highest value is set at 100,
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and the mean and SEM from four independent time courses are given. The area
under the curve (AUC) is also plotted. Two and three asterisks indicate statistically
significant differences according to a One-Anova (Bonferroni) test (P< 0.001 and
0.0001, respectively). B Rad51 binding to replicative DNA lesions as determined by
ChEC analysis of exponentially growing RAD51-MN (wt) (WR5IMN-2), rad51-ED-MN
(WRS51-135MN) and rad51-KN-MN (wR51-305MN) cells incubated with and without
0.05% MMS for 2 h. Total DNA from cells permeabilized and treated or not with Ca**
for 15 min is shown, as well as the DNA digestion profiles. ChEC experiments were
repeated three times with similar results. Source data are provided as a Source
Data file.

stalled forks and generating sister chromatid joints (Fig. 10, Supple-
mentary Fig. 11B). The biochemical analysis showed a major defect of
the mutants in binding dsDNA (Fig. 4, Supplementary Figs. 6, 7), which
led to a loss of protection from exonucleases (Fig. 6, Supplementary
Fig. 10). The severity of the defects in vivo and in vitro correlated with
Rad51-ED being more affected than Rad51-KN, suggesting that the
dsDNA binding is a major reason, but possibly not the only reason, for
the observed in vivo phenotypes. Our conclusion that properties of
Rad51 determine post-replication repair pathway usage is further
supported by previous studies showing that cells lacking Rad55 show
elevated mutation rates and strong dependence on alternative post-
replication repair pathway controlled by REV3 and MMS2"7-%°, similar to
the Rad51 mutants isolated here. The Rad55-Rad57 complex stabilizes
Radsl1 filaments®®, but the mechanisms involved are likely different as
the Rad51 mutants showed no defect in Rad55 interaction (Supple-
mentary Fig. 12). In sum, the combined data show that Rad51 filament
properties affect pathway usage in post-replication repair.

What properties of Rad51 determine the phenotype of the ED and KN
mutants? The key difference emanating from the biochemical analysis
was the defect of the mutants to bind dsDNA (Fig. 4, Supplementary
Figs. 6, 7 The much stronger defect of the Rad51-ED mutant protein
than the Rad51-KN mutant in binding to dsDNA correlated with their
in vivo phenotypes, where the rad51-ED mutant consistently showed a
stronger phenotype than the rad51-KN mutant. Hence, we suggest that

a key determinant of the ED and KN mutant phenotypes is the deficit in
binding dsDNA. The ability to bind dsDNA with relatively high affinity is
a newly acquired property in eukaryotic Rad51 proteins which is lack-
ing in bacterial RecA'*?°. These observations suggest that the ability of
Rad51 to bind dsDNA is unrelated to its HR function. Recent bio-
chemical evidence with human RADS51 supports the model that dsDNA
binding by RADA31 is critical for its function in fork protection against
nucleolytic degradation®*’. The Rad51-ED and RADS51-KN mutants
reinforce this model as the mutant proteins show a defect in protect-
ing dsDNA from exonucleolytic attack (Fig. 6, Supplementary Fig. 10).

Where is RADSI binding dsDNA at stalled forks? Fork stalling in
budding yeast primarily results in non-regressed forks. Extensive fork
regression was only observed in cells defective for DNA damage
checkpoints®. This contrasts with the situation in mammalian cells,
where fork regression appears to be a primary response to fork
stalling®®. Stalled forks have several ssDNA-dsDNA transitions that
could be sensitive to nuclease degradation (Supplementary Fig. 13B
left). In addition, a recent study proposed a function of RADS5I in fork
stabilization by binding to dsDNA to lock in the CMG helicase and
prevent loss of the replicative helicase to enable direct restart®.
Interestingly, Rad51 was found to physically interact with the MCM
complex®, providing a potential mean to nucleate Rad51 filaments at
stalled forks (Supplementary Fig. 13B). It is unclear whether each of
these potential dsDNA binding sites of RADSI1 is relevant for fork
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protection, but the multitude of nucleases involved, including EXO1,
DNA2, MREI1], and potentially others?*®?, may suggest that several sites
may be relevant depending on context. We speculate that in the rad51-
ED and rad51-KN mutants, DNA degradation would convert internal
gaps (Supplementary Fig. 13B, left) and regressed forks (Supplemen-
tary Fig. 13B, right) into gapped forks that would be extended by TLS to
restart replication.

Our results also provide indirect evidence for an HR (Rad51)-
independent template switching mechanism in budding yeast that
depends on PCNA-poly ubiquitylation (Mms2), which we suspect is
fork regression. First, template switching is not eliminated in rad5IA
cells (Fig. 9). This suggests the existence of a Rad5l-independent
template switch mechanism, which could be fork regression driven by
motor proteins such as Rad5. Second, rad5IA cells show additive MMS-
sensitivity with Mms2 (Fig. 7C-E). Mms2 functions through K63 poly-
ubiquitylation of PCNA on K164*%, This result suggests that Mms2
controls an HR-independent template switch process in postreplica-
tion repair, likely fork regression as gap repair by TS is Rad51 depen-
dent. Third, in ubc13 cells where PCNA polyubiquitination is prevented,
template switching is only partially eliminated as in radSIA cells’®®*
(Fig. 9). Together these data strongly suggest the existence of two
template switching pathways, one Rad51-dependent (gap repair) and
one Rad5l-independent (likely fork regression) (Supplementary
Fig. 13A). Fourth, in checkpoint-deficient yeast cells (rad53) regressed
forks readily form* and likely present a target for dsDNA-specific
exonucleases like Exol with likely deleterious consequences (Supple-
mentary Fig. 13B right). Rad51 binding to dsDNA in these regions is
expected to suppress nucleolytic attack. In mammalian cells, motor
proteins implicated in fork regression (SMARCALI, ZRANB3, and
HLTF) facilitate DNA degradation, suggesting that regressed forks are
substrates for DNA degradation® ™. In fact, it was found that elim-
inating Exol effectively suppresses the MMS sensitivity of yeast rad53
mutants®®. While regressed forks might be rare or highly unstable in
wild type cells, there are conditions, such as in checkpoint defective
cells, where fork regression is readily documented in budding yeast*.
This implies that the mechanisms for fork regression exist in budding
yeast but are under negative control. Hence, Rad51 may also be binding
to regressed forks to protect against dsDNA nucleases (Supplementary
Fig. 13B right).

The rad51-ED and rad51-KN mutants are proficient in inter-sister
recombination, only rad51-ED shows a small reduction in spontaneous
events (Fig. 2), which is consistent with the ability of the mutant pro-
teins to form D-loops in vitro (Fig. 5). However, the mutants are
defective in forming SCJs (Fig. 10) and inter-chromosomal recombi-
nation, consistent with a strong defect to form D-loops in vivo (Fig. 3).
We suspect this difference is a reflection of the defect to form exten-
ded nucleoprotein filaments in vitro (Supplementary Fig. 7) and in vivo
(Supplementary Fig. 8). Similar to rad51-ED and rad51-KN, the rad51-
lI3A mutant forms short filaments that cannot be visualized by IF*’.
However, in contrast the Rad51-1I13A protein is defective in D-loop
formation and the mutant is as sensitive to IR as the rad51 deletion
mutant®’, unlike rad51-ED and rad51-KN.

In some respects, Rad51-ED and Rad51-KN are similar to the
human RAD51-S181P mutation that lacks the interaction with the
BRCA2 exon27-encoded RADSI1 filament interaction site’. Like RADSI-
S181P, Rad51-ED and RADS5I-KN are proficient in D-loop formation
in vitro and inter-sister recombination in cells, but defective in fork
protection. It is not known if RAD51-S181P is proficient in genome-wide
homology search or whether the protein has a defect in binding
dsDNA. The distinct chromosomal aberration profile of cells with
RADS51-S181P compared to the ATPase deficient RAD51-KR mutant may
suggest that RAD51-S181P affects pathway usage at stalled replication
forks, although this was not directly studied. The common denomi-
nator for the mutants is that Rad51 filament properties affect its
function in fork protection.

It has previously been noted that genome-wide homology has
different requirements and characteristics than local homology
search. The context-specific requirement for long range resection in
genome-wide homology search involves activation of the DNA damage
signaling and can be overcome by Rad51 overexpression®. It is likely
that both mechanisms affect Rad51 filament length and quality, as the
Rad51 paralogs Rad55 and Rad57 are direct targets of the Mecl and
Rad53 DNA damage signaling kinases®*°* and absence of the paralogs
causes a similar defect as rad51-ED and rad51-KN”. Moreover, in vivo
monitoring of homology search revealed that the initial search is
conducted by short Rad51-ssDNA filaments, whereas genome-wide
search requires a transition to more extensive nucleoprotein
filaments®. We suspect that SCJs and inter-chromosomal recombina-
tion require longer Rad51-ssDNA filaments, while DSB repair including
the type of Rad51-mediated template switch started at regressed forks
(Supplementary Fig. 13A) can be accomplished by shorter filaments.

In sum, the ability of Rad51 to bind dsDNA with relatively high
affinity appears to correlate with its acquired function to protect
stalled replication forks against nucleolytic degradation and poten-
tially retain the replicative helicase for direct restart. The Rad51-ED and
Rad51-KN mutants show that properties of Rad51 determine pathway
usage in post-replication repair which likely involves its ability to bind
dsDNA and form extended nucleoprotein filaments.

Methods

Yeast strains and growth conditions

Standard techniques for yeast growth and genetic manipulation were
used’®. All yeast strains used for genetic experiments are in the W303-
1A background and WT RADS (Supplementary Table 1), except for
some strains used in Supplementary Fig. 1C which are rad5-G535R as
noted. See Supplementary Table 2 for all plasmids used. See Supple-
mentary Table 3 for all oligonucleotides and their sequences.

Rad51 mutant isolation and genomic integration
To screen for rad51 separation-of-function mutants, a random pool
was created by mutagenic PCR using the GeneMorph Il EZClone
Domain Mutagenesis Kit that employs two error prone polymerases to
achieve balanced mutations in all four bases. The RAD51 open reading
frame is 1.2 kb in length; the ideal pool of mutants would have one to a
few mutations per gene. Mutagenic PCR conditions were empirically
optimized to obtain a mutation rate of -1 mutation per kb, by varying
the amount of template DNA and reducing the number of PCR cycles
using olWDH632 and olWDH633 which are 400 nt upstream and
downstream of the RADS5I open reading frame, respectively, and
plasmid pWDH957, which contains the wild type RADS1 gene with
1000 bp upstream and downstream of the RADSI open reading frame
cloned as a 3.2 kb Hindlll-Sacl fragment into Yep351 (pWDH958) using
olWDHB830 and olWDH1355. The pool used averaged two mutations
per gene. The screen was conducted in a rad5SIA rad54® strain
(WDHY2546) to take advantage of the conditional phenotype. The
rad54” allele was determined to be caused by a single amino acid
change (C692Y), which leads to loss of protein at the restrictive tem-
perature. The mutagenized RAD51 pool was co-transformed with
pWDH957 digested with Stul and Nrul to cut out almost the entire
RAD51 ORF from -22 to 47 bp upstream the stop codon for in vivo
recombination to form functional circular YEp351 plasmids containing
a mutagenized RADS51 gene. Approximately 2000 transformants were
screened. Of these, 40 candidates exhibited improved viability when
challenged with MMS compared to the radSIA rad54 strain at 37 °C.
The plasmid dependence of the phenotype was confirmed. Plasmids
were recovered in E. coli, the RADSI sequence was established, and the
phenotype re-confirmed by transformation of a host strain that has
never been exposed to MMS.

The mutations rad51-ED and rad51-KN were transferred to the
native RADSI locus of WDHY2217 that contained a complete deletion
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of the URA3 gene to preclude reversion events using the PCR-based
allele replacement method of Erdeniz et al.”” with the RADSI primers
olWDH1351 and 1353 as well as the K. lactis URA3 primers ol WDH1357
and 1358. Correct integration and the integrity of the integrated
sequences were confirmed by amplifying the RADSI locus and
sequencing the entire gene on both strands.

Serial dilution assays

The serial dilution spot assays were performed on solid YPD or YPD
with the addition of MMS at the dilutions specified. To assay for sen-
sitivity to ionizing radiation (IR), YPD plates were spotted with cells and
allowed to dry before being exposed to IR (Cesium-137 source). Cells
were spotted at 5-fold dilutions starting at approximately 2 x 107 cells/
ml (OD600 =1). The plates were incubated at 30 °C and photographed
daily for up to 4 days.

Immunoblots

Lysates were prepared by trichloroacetic acid (TCA) precipitations
from cells grown to early log phase. Cells were re-suspended in 20%
TCA before cell disruption utilizing a FastPrep machine (FP120, Biol01,
Savant) on setting “4.5”, four times for 45 seconds. Beads were washed
with 5% TCA. Precipitated protein was collected at 21,100 x g in an
Eppendorf centrifuge for 10 min, resuspended in 2x Laemmli sample
buffer’®, and neutralized with Tris-base before analysis by gel elec-
trophoresis. Immunoblots were conducted as described”. Lysate from
0.5 OD600 units of cells were loaded and separated on a 10% SDS-
PAGE gel before transfer to PVDF membrane. The membrane was
blocked in 5% skim milk dissolved in TBST (10% Tris pH 7.5, 150 mM
NaCl, 0.1% Tween-20) and incubated with either anti-Rad51 (1:1000, sc-
133089, Santa Cruz Biotechnology) or anti-GAPDH (1:5000, GAIR,
Thermo Scientific) antibodies. Membranes were developed by che-
miluminescence (Clarity, Bio-Rad) and visualized using a GE Amersham
Imager 600. All bands were quantified through densitometry using
Image Lab (Bio-Rad).

Immunofluorescence

Rads51 foci were detected by immunofluorescence as described”. In
short, log-phase cells (5 ODU) were crosslinked in 2% formaldehyde
(37% stock) for 30 min at 30 °C shaking. Cells were harvested at 800xg
for 5min in a 15ml conical tube and rinsed once in 1.0 ml 1M potas-
sium phosphate pH 6.5. The supernatant was removed, and cells were
resuspended in 1.0 ml of solution P (0.1 M potassium phosphate pH
6.5,1.2 M sorbitol), transferred to a microfuge tube and incubated with
15pul zymolyase (10 mg/ml) in solution P and 5 pl 3-mercaptoethanol
for 30 min at 30°C shaking. While the cells were incubating, slides were
prepared by overlaying 200l 0.3% poly-lysine (in ddH,0O) for
15-30 min followed by a rinse with ddH,O. Spheroblasts were har-
vested at 800 x g in a microfuge for 3 min, resuspended in 1-2.0 ml of
solution P at -0.5-1.0 ODU/ml and a minimum of 250 pl cells were
incubated on each slide for 15-30 min. Cells were fixed by adding 100%
ice cold MeOH drop wise onto the cell suspension. Slides were placed
into a Coplin jar containing ice cold MeOH and incubate at —20 °Cfor a
minimum of 20 min. Slides were air dried and rehydrated in 1 x PBS
(phosphate-buffered saline: 137 mM NacCl, 2.7 mM KCI, 8 mM Na,HPO,,
and 2mM KH,PO,.) and then overlaid with 200 yL anti-Rad51 anti-
serum (1:100)°* in 3% BSA in PBS and incubated for 1h at 37 °C. The
slides were washed twice in PBS/0.1% Tween 20 for 3 min each then 1x
in PBS alone for 3 min while shaking. The slides were overlain with
200 uL goat anti-rabbit antibody conjugated to Alexa 488 (1:1,000;
AbCam ab150077) in 3% BSA/PBS and incubated for 30 min at 37 °C
followed by the washing scheme outlined above. The slides were then
stained for 1 min in DAPI (lug/mL))/1xPBS rinsed in ddH20 and air-
dried. The slides were mounted in DABCO/20 mM Tris and imaged on
a Zeiss Axioskop 2 at 100x magnification.

Direct-repeat sister-chromatid recombination assay

Single colonies were grown in synthetic complete (SC) media lacking
uracil with raffinose as a carbon source for 24 h at 30 °C. To determine
spontaneous recombination rates, appropriate dilutions were plated
on YPD media to determine viability, and on SC-LEU, and SC-URA-LEU
to measure recombinants. 2% galactose was added to the cultures to
induce expression of the HO endonuclease, which was expressed for
2h before the cells were collected and plated to determine DSB-
induced recombination frequencies. After 3 days of growth at 30 °C,
colonies were counted from at least 11 independent cultures per gen-

100

otype by the method of the median™®.

D-loop capture assay (DLC) assay

For DLC experiments, all strains were in the W303 RADS background.
They contain a copy of the GAL1/10-driven HO endonuclease gene at
the TRPI locus on chromosome IV (Chr. IV). A point mutation inacti-
vates the HO cut site at the mating-type locus (MAT) on Chr. Il (MATa-
inc). The DSB-inducible construct contains the 117-bp HO cut site, a
2086-bp-long homology A sequence (+4 to + 2090 of the LYS2 gene),
and a 327-bp fragment of the PhiX174 genome flanked by multiple
restriction sites. The DLC assay was conducted following established
protocols with slight adjustments'®'®, Specifically, zymolyase lysed
cells were immediately subjected to restriction digestion, ligation,
and DNA purification steps following hybridization with
oligonucleotides'®. The control experiments monitoring DSB forma-
tion, ligation efficiency, and a normalization locus are shown in Sup-
plementary Fig. 4.

Determination of BIR frequency

BIR frequency determination followed the method outlined in ref. 105.
In brief, cells were cultivated to exponential phase in YEP-lactate
medium and then plated on YPD plates. After 3 days, colonies were
counted and subsequently replicated onto synthetic complete med-
ium lacking lysine (LYS2 drop- out) plates or YPD plates containing
geneticin (G418). Cell viability post-HO induction was calculated by
dividing the number of colonies on YP galactose plates by those on YP
glucose plates. The percentage of cells repairing via BIR was deter-
mined by dividing the number of cells on LYS2 drop-out plates by the
number on YP galactose plates, normalized to the number on YPD. BIR
frequencies were determined three times for each strain.

Detection of physical BIR products

Cells were cultured in YEP-lactate medium, followed by the addition of
2% galactose to induce HO endonuclease expression. Genomic DNA
(25 ng) was then subjected to PCR amplification using Phusion High-
Fidelity DNA Polymerase with the following cycling conditions: initial
denaturation at 98 °C for 30 s, followed by 25 cycles of denaturation at
98°C for 10s, and annealing/extension at 72°C for 150s in a 25 pl
reaction volume. BIR product detection utilized P1 and P2 primers,
while HO cut detection employed D1 and D2 primers. Normalization of
P1-P2 and D1-D2 products was achieved using C1 and C2 primers, as
described previously'*1%,

Analysis of sister chromatid junctions (SCJs)

Yeast cells were grown at 30 °C in a supplemented minimal medium
(SMM). For G1 synchronization, cells were grown to mid-log phase and
o-factor was added twice at 60 min intervals at 2 pg/ml (BARI strains).
Then, cells were washed three times and released into fresh medium
with 50 pg/ml pronase in the absence or presence of MMS at the
indicated concentrations. SCJs (X-shaped molecules) were analyzed by
2D-gel electrophoresis from cells arrested with sodium azide (0.1%
final concentration) and cooled down on ice as reported'”’. Briefly,
total DNA was isolated with the G2/CTAB protocol, digested with
EcoRV and Hindlll, resolved by neutral/neutral two-dimensional gel
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electrophoresis, blotted to Hybond™-XL membranes, and analyzed by
hybridization with the *?P-labeled A probe. Signals were quantified in a
Fuji FLA5100 with the ImageGauge analysis program.

In vivo ChEC analysis

Chromatin endogenous cleavage (ChEC) of RAD51-MN, rad51-KN-MN
and radS1-ED-MN cells was performed as reported® from cultures
grown at 30 °C in SMM with or without 0.05% MMS for 2 h and arrested
with sodium azide (0.1% final concentration). For cleavage induction,
digitonin-permeabilized cells were incubated with 2 mM CaCl, at 30 °C
under gentle agitation. Total DNA was isolated and resolved into 0.8%
TAE 1x agarose gels. Gels were scanned in a Fuji FLA5100, and the
signal profile quantified using ImageGauge. The area of the DNA
digestion profiles was equalized to eliminate DNA loading differences.

Direct post-replication repair analysis in cells

All strains used for the iDamage assay are derivatives of the
EMY74.7 strain'®. In order to study tolerance events, all strains are
deficient in repair mechanisms: nucleotide excision repair (rad14) and
mismatch repair (msh2). Gene disruptions were achieved using PCR-
mediated seamless gene deletion'® or URAblaster' techniques. Rad51
mutations were introduced using CRISPR/Cas9". Integration of plas-
mids carrying the(6-4)TT and N2dG-AAF lesions (or control plasmids
without lesion) was performed as previously described*. Lesions are
inserted either on the lagging or leading strand. The lesion is located in
the lacZ gene, allowing to score TS events as blue colonies. The non-
damaged strand contains a+2 frameshift inactivating the lacZ gene,
serving as a genetic marker for strand discrimination. Lesion tolerance
rates were calculated as the relative integration efficiencies of
damaged vs. non-damaged vectors normalized by the transformation
efficiency of a control plasmid in the same experiment. DA events are
calculated by subtracting TLS events from the total lesion tolerance
events. All experiments were performed at least in triplicate. For each
experiment, between 2000 and 4000 colonies were counted. Since we
have not observed any difference in lesion tolerance pathways
between lagging and leading strands, we plotted in the graphs average
value of pooled data for leading and lagging strands. Graphs and sta-
tistical analysis were done using GraphPad Prism applying unpaired
t-test. Bars represent the mean value + sd.

Protein purifications

Rad51 mutant and wild type proteins were purified to homogeneity as
described"*". The host Saccharomyces cerevisiae strain (WDHY1611;
Supplementary Table 1) had a chromosomal deletion of the RAD51
gene to avoid contaminating mutant protein preparation by wild type
Rad51 protein. In brief, the mutant and wild type proteins (native,
untagged) were purified using a four-column purification strategy
including: Q-Sepharose, Cibacron Blue, Hydroxyapatite, and Mono Q.
Rad54"* and RPA'™™ were purified as described. GST-Rad55-His¢-Rad57
were purified as described (Liu et al. 2011b) and dialyzed into storage
buffer containing 20 mM Tris-HCI pH 7.5, 0.2 M NaCl, 0.1 mM EDTA,
1mM DTT and 50% glycerol. Sgs1 was expressed in Spodoptera frugi-
perda (Sf9) cells using the pFB-MBP-Sgsl vector and purified by amy-
lose and NiNTA affinity purification as previously described"®. The
N-terminal MBP tag was removed after the amylose purification step
using PreScission Protease. Yeast Exol was purified from Sf9 cells with
pFB-Ex01-FLAG by FLAG affinity and HiTrap SP HP (Cytiva) ion
exchange chromatography as described previously. Dna2 was
expressed in the S. cerevisiae strain WDH668 from the pGAL18 Flag-HA-
Dna wt-His: vector and purified by NiNTA and FLAG affinity chroma-
tography as described"®". Yeast RPA was expressed using the
pl1d-tRPA vector (a kind gift from M. Wold, University of lowa) in BL21
(DE3) pLysS cells and purified on a HiTrap Blue column (Cytiva) fol-
lowed by desalting with a HiTrap Desalting column (Cytiva) and finally
with a HiTrap Q column (Cytiva)*°.

Biochemical assays

ATPase assay: The ATP analysis was carried out using thin layer chro-
matography (TLC), as described'. 3 uM Rad51 was pre-incubated with
9 UM (nt or bp) DNA (phiX174 ss- or dsDNA), at 30 °C, in 20 mM Tris
HCI (pH 7.5), 10 mM MgCl,, 0.1 mg/ml BSA, 1mM DTT, and 200 mM
NaCl, then 0.05 mM ATP (1:100 nt radioactive) was added to initiate the
reaction and start the time course. One pl aliquots were then spotted
onto cellulose polyethyleneimine TLC plates. The plates were air dried
and developed in 1M formic acid and 0.5M LiCl. The amount of ATP
hydrolyzed was analyzed by Phosphorimager and quantified using
ImageQuant software (Molecular Dynamics, Inc., Sunnyvale CA, USA).

DNA binding assays: DNA binding assays were performed as
described” and conducted as salt titrations to assay the capability of
Rad51 to bind DNA (ss- or dsDNA) in the presence of increasing con-
centrations of salt. DNA (10 pM nt/bp, ®X174), salt (0-600 mM NaCl),
and Rad51 (3.33 pM), were incubated for 15min at 30 °C in the fol-
lowing buffer: 20 mM TEA, 1 mM DTT, 25 pg/ml BSA, 4 mM magnesium
acetate, and 2.5 mM ATP. The reactions were stopped by the addition
of glutaraldehyde (0.25%) and incubated for an additional 15 min at
30°C, before being analyzed on 0.8% agarose gels in TAE buffer
(40 mM Tris base, 20 mM acetic acid, 1mM EDTA) 3.75V/cm for
100 min. The dried gels were analyzed by Phospholmager and quan-
tified using ImageQuant software (Molecular Dynamics, Inc., Sunny-
vale CA, USA). The data were plotted using Prism GraphPad software
which also determined the salt-titration midpoint. Additional DNA
binding assays were conducted as protein titrations. DNA (3 uM nt/bp,
olWDH2086 ssDNA or olWDH2086 annealed to olWDH2184 dsDNA)
and Rad51 (250, 500, 1000, or 2000 nM) were incubated for 30 min at
30°C in the following buffer: 35mM Tris-acetate (pH 7.5), 50 or
100 mM NaCl, 7mM magnesium acetate, 2mM ATP, 1mM DTT, and
0.25mg/mL BSA. The reactions were analyzed on 1% 1x Tris-acetate
agarose gels (Lonza) supplemented with 1mM ATP and 2 mM mag-
nesium acetate in TA buffer (40 mM Tris base, 20 mM acetic acid) at
3.33 V/cm for 60 min. Gels were imaged using a GE Amersham Imager
600. All bands were quantified through densitometry using Image Lab
(Bio-Rad). Graphpad Prism was used for further analysis.

D-loop assay: Rad51-catalyzed D-loop assays were performed with
slight modifications to the previously described methods'”. A 5’ Cy5-
labeled ssDNA oligonucleotide (25 nucleotides, olWDH2182 Supple-
mentary Table 3) was annealed with another ssDNA oligonucleotide
(100 nucleotides, olWDH2183 Supplementary Table 3) to serve as a
tailed substrate. 0.25 uM wild-type Rad51, Rad51-ED, or Rad51-KN were
incubated with 10 nM tailed substrate for 10 min at 30 °C in a buffer
containing 35 mM Tris-acetate (pH 7.5), 50 or 100 mM NaCl, 7mM
magnesium acetate, 2mM ATP, 1mM DTT, 0.25 mg/mL BSA, 20 mM
phosphocreatine, and 100 ug/mL phosphocreatine kinase. Next, 42 nM
RPA was added to the reaction mixture for another 10-minute incu-
bation. Finally, Rad54 (120nM) and supercoiled plasmid dsDNA
(10 nM) were added, with samples taken at 0, 5, 10, 20, and 30 min as
indicated. For the experiments testing the Rad54 dependence (Sup-
plementary Fig. 9D), 20 nM of 95-mer (olWDH566, Supplementary
Table 3) and Rad51 (0.67 uM) were incubated for 10 min at 30 °C, in
buffer (30 mM TrisOAc pH 7.5, 1ImM DTT, 50 mg/ml BSA, 5mM
MgOAc, 20 mM Phosphocreatine, 4 mM ATP, and 0.1 mg/ml creatine
kinase). RPA (0.1puM) was added and incubated for another 10 min at
30 °C, followed by addition of Rad54 (0.112 uM) and dsDNA plasmid
(20 nM molecules pUC19) to initiate the reaction and start the time
course at 30 °C. Samples were then deproteinized, separated on 1%
agarose gels, and documented using a GE Amersham Imager 600. All
bands were quantified through densitometry using Image Lab
(Bio-Rad).

Preparation of oligonucleotide-based  substrates: The
oligonucleotide-based DNA substrate used for the helicase and
nuclease assays was generated by labeling the BIO100C oligonucleo-
tide (see Supplementary Table 1 for oligonucleotides sequence) at the
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3" end using terminal transferase (New England Biolabs) and [a-32P]
dCTP (Hartmann Analytic) according to manufacturer’s instructions
and purified on G25 columns (Cytiva). The purified oligonucleotide
was mixed with a two-fold excess of BIO100 oligonucleotide (see
Supplementary Table 1 for oligonucleotides sequence) in annealing
buffer (10 mM Tris-HCI pH 8, 50 mM NaCl, 10 mM MgCl,), heated to
95 °C for 3 min and cooled down to room temperature overnight.

Helicase and nuclease assays: Helicase and nuclease assays were
performed with a 100 bp substrate (1 nM, in molecules, oligonucleo-
tides BIO100C and BIO100) in reaction buffer containing 25 mM Tris-
acetate pH 7.5, 1 mM dithiothreitol, 2mM magnesium acetate, 1 mM
ATP, 80 U/ml pyruvate kinase (Sigma), 1mM phosphoenolpyruvate
and 0.15 mg/ml bovine serum albumin (New England Biolabs), in a final
volume of 15ul. The reactions were performed in the presence of
45 nM (final) Saccharomyces cerevisiae RPA. The indicated Rad51 var-
iant was added to the reaction followed by the indicated resection
factors, Sgsl (100 nM) for the helicase assays, and Exol (25nM) or
Dna2-Sgsl (1 nM each) for the nuclease assays. The reaction was incu-
bated for 30 min at 30 °C and stopped by the addition of 5 ul of 2%
STOP buffer (150 mM ethylenediaminetetraacetic acid [EDTA], 2%
sodium dodecyl sulfate, 30% glycerol, bromophenol blue) supple-
mented with a 20-fold excess of unlabeled oligonucleotide with the
same sequence as the labeled one (to prevent reannealing) and 1l of
Proteinase K (18 mg/ml) (Roche). After deproteination for 30 min at
37 °C, the reactions were separated on a 10% TBE gel. The gel was dried
on 17 Chr paper (Whatman), imaged on a Typhoon Imager (Cytiva) and
quantitated using the ImageJ software.

Protein pulldown assay: 100 nM GST-Rad55-His¢-Rad57 or GST
(Pierce) were incubated with 100 nM Rad51 in buffer P containing
25 mM Tris-acetate (pH 7.5), 10 mM magnesium acetate, 50 mM NacCl,
1mM DTT, 10% glycerol and 0.01% NP-40 in a 25 pl volume for 1h at
room temperature. Equilibrated and BSA-treated glutathione agarose
beads (Pierce) were added to the mixture and incubated for 1h. The
beads and supernatant were separated by centrifugation and the beads
were washed twice with binding buffer P. The pulled-down protein
complexes were eluted by heating at 65°C for 10 min in 12 pl 2x
SDS-PAGE loading buffer and separated through a 10% SDS-PAGE gel.
Anti-Rad51 (1:1000, sc-133089, Santa Cruz Biotechnology,) and anti-
GST (1:5000, 27457701, Cytiva) antibodies were used for immuno-
blotting. Protein bands were visualized using Clarity Western ECL
substrate (Bio-Rad) on immunoblots and quantified using Image Lab
(Bio-Rad). 5% of the input and 100% of the elution for each reaction
were loaded for comparison.

Electron microscopic imaging of Rad51 filaments

Rad51 filaments were assembled by incubating 2.5 uM Rad51, Rad51-ED,
or Rad51-KN with 7.5 uM (bp or nt) of 1000 bp dsDNA or 700 nt ssSDNA
derived from phiX174 (Sspl-Ahd1 fragment) at 30 °C for 10 min in a
buffer containing 35mM Tris-acetate (pH 7.5), 50 mM NaCl, 4 mM
MgOAC, 2mM ATP, and 1mM DTT. The reaction mixture was then
freshly diluted tenfold in 10 mM Tris-HCI (pH 7.5), 50 mM Nacl, and
5 mM MgCl,. Samples were applied to 400-mesh carbon-coated cop-
per grids (Ted Pella), negatively stained with 2% uranyl acetate, blotted
dry, and then air-dried. Grids were imaged using a Talos Transmission
Electron Microscope (Thermo Scientific), with images randomly cap-
tured from different grid regions. For each condition, 2-4 grids were
used, and images were taken at 11,000x or 36,000x magnification. A
total of 500 filaments per condition were manually measured using
ImageJ.

Statistical analysis

The 95% or better confidence intervals for the median were calculated
using the information provided in Supplementary Table 4. This utilizes
the formula: (n +1)/2 £ 1.96 (vn/2) to provide the upper and lower limit
of the 95% or better confidence interval from the rank order of values.

As such, this method will generate an uneven * confidence interval
around the median, making it easier to compare multiple bar graphs
on a single figure. The p-values were always generated between two
data sets using pairwise unpaired t-test with Welch’s correction that
does not assume equal standard deviations between data sets.

Data availability

All data supporting the findings of this study are available within the
paper and its Supplementary Information. Source data are provided
with this paper.

References

1. Kowalczykowski, S. C., Hunter, N. & Heyer, W. -D. (eds.) DNA
Recombination. Cold Spring Harb. Lab. Press (2016).

2. Li, X. & Heyer, W. D. Homologous recombination in DNA repair and
DNA damage tolerance. Cell Res. 18, 99-113 (2008).

3. Cejka, P. & Symington, L. S. DNA end resection: mechanism and
control. Annu. Rev. Genet. 55, 285-307 (2021).

4. Kowalczykowski, S. C. An overview of the molecular mechanisms
of recombinational DNA repair. Cold Spring Harb. Perspect. Biol. 7,
a016410 (2015).

5. Petukhova, G., Stratton, S. & Sung, P. Catalysis of homologous
DNA pairing by yeast Rad51 and Rad54 proteins. Nature 393,
91-94 (1998).

6. Piazza, A. et al. Dynamic processing of displacement loops during
recombinational DNA repair. Mol. Cell 73, 1255-1266 (2019).

7. Kockler, Z. W., Osia, B., Lee, R., Musmaker, K. & Malkova, A. Repair
of DNA breaks by break-induced replication. Annu. Rev. Biochem.
90, 165-191 (2021).

8. Deem, A. et al. Break-induced replication is highly inaccurate.
PLoS Biol. 9, e1000594 (201M1).

9. Arbel, M., Liefshitz, B. & Kupiec, M. DNA damage bypass pathways
and their effect on mutagenesis in yeast. FEMS Microbiol. Rev. 45,
fuaa038 (2021).

10. Branzei, D. & Szakal, B. DNA damage tolerance by recombination:
molecular pathways and DNA structures. DNA Repair 44,

68-75 (2016).

1. Shinohara, A., Ogawa, H. & Ogawa, T. Rad51 protein involved in
repair and recombination in S. cerevisiae is a RecA-like protein.
Cell 69, 457-470 (1992).

12.  Aboussekhra, A., Chanet, R., Adjiri, A. & Fabre, F. Semi-dominant
suppressors of Srs2 helicase mutations of Saccharomyces cere-
visiae map in the RAD57 gene, whose sequence predicts a protein
with similarities to procaryotic RecA protein. Mol. Cell. Biol. 12,
3224-3234 (1992).

13.  Patel, M., Jiang, Q. F., Woodgate, R., Cox, M. M. & Goodman, M. F.
A new model for SOS-induced mutagenesis: how RecA protein
activates DNA polymerase V. Crit. Rev. Biochem. Mol. Biol. 45,
171-184 (2010).

14. Maslowska, K. H., Makiela-Dzbenska, K. & Fijalkowska, I. J. The SOS
system: a complex and tightly regulated response to DNA
damage. Environ. Mol. Mutagen. 60, 368-384 (2019).

15. Lee, S. E. et al. Yeast Rad52 and Rad51 recombination proteins
define a second pathway of DNA damage assessment in response
to a single double-strand break. Mol. Cell. Biol. 23, 8913-8923
(20083).

16.  Zaitseva, E. M., Zaitsev, E. N. & Kowalczykowski, S. C. The DNA
binding properties of Saccharomyces cerevisiae Rad51 protein. J.
Biol. Chem. 274, 2907-2915 (1999).

17.  Bianco, P. R., Tracy, R. B. & Kowalczykowski, S. C. DNA strand
exchange proteins: a biochemical and physical comparison. Front.
Biosci. 3, 570-603 (1998).

18.  Chi, P., Van Komen, S., Sehorn, M. G., Sigurdsson, S. & Sung, P.
Roles of ATP binding and ATP hydrolysis in human Rad51 recom-
binase function. DNA Repair 5, 381-391 (2006).

Nature Communications | (2026)17:1359

17


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-68109-1

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Tombline, G., Heinen, C. D., Shim, K. S. & Fishel, R. Biochemical
characterization of the human RAD51 protein - lIl. - Modulation of
DNA binding by adenosine nucleotides. J. Biol. Chem. 277,
1443414442 (2002).

Kowalczykowski, S. C. Biochemistry of genetic recombination:
energetics and mechanism of DNA strand exchange. Annu. Rev.
Biophys. Biophys. Chem. 20, 539-575 (1991).

Kowalczykowski, S. C., Clow, J. & Krupp, R. A. Properties of the
duplex DNA-dependent ATPase activity of Escherichia coli RecA
protein and its role in branch migration. Proc. Natl. Acad. Sci. USA
84, 3127-3131(1987).

Daley, J. M., Gaines, W. A., Kwon, Y. & Sung, P. Regulation of DNA
pairing in homologous recombination. Cold Spring Harb. Per-
spect. Biol. 6, a017954 (2014).

Solinger, J. A., Kiianitsa, K. & Heyer, W.-D. Rad54, a Swi2/Snf2-like
recombinational repair protein, disassembles Rad51:dsDNA fila-
ments. Mol. Cell 10, 1175-1188 (2002).

Shah, P. P. et al. Swi2/Snf2-related translocases prevent accu-
mulation of toxic Rad51 complexes during mitotic growth. Mol.
Cell 39, 862-872 (2010).

Mason, J. M. et al. RAD54 family translocases counter genotoxic
effects of RAD51 in human tumor cells. Nucleic Acids Res. 43,
3180-3196 (2015).

Sung, P. & Robberson, D. L. DNA strand exchange mediated by a
RAD51-ssDNA nucleoprotein filament with polarity opposite to
that of RecA. Cell 82, 453-461 (1995).

Schlacher, K. et al. Double-strand break repair-independent role
for BRCA2 in blocking stalled replication fork degradation by
MRET1. Cell 145, 529-542 (2011).

Hashimoto, Y., Chaudhuri, A. R., Lopes, M. & Costanzo, V. Rad51
protects nascent DNA from Mrel1l-dependent degradation and
promotes continuous DNA synthesis. Nat. Struct. Mol. Biol. 17,
1305-1311 (2010).

Berti, M., Cortez, D. & Lopes, M. The plasticity of DNA replication
forks in response to clinically relevant genotoxic stress. Nat. Rev.
Mol. Cell. Biol. 21, 633-651 (2020).

Mason, J. M., Chan, Y. L., Weichselbaum, R. W. & Bishop, D. K. Non-
enzymatic roles of human RAD51 at stalled replication forks. Nat.
Commun. 10, 4410 (2019).

Halder, S. et al. Double-stranded DNA binding function of RAD51in
DNA protection and its regulation by BRCA2. Mol. Cell 82,
3553-3565 (2022).

Liu, W. P. et al. RAD51 bypasses the CMG helicase to promote
replication fork reversal. Science 380, 382-387 (2023).

Branzei, D. & Psakhye, I. DNA damage tolerance. Curr. Opin. Cell
Biol. 40, 137-144 (2016).

Wong, R. P., Garcia-Rodriguez, N., Zilio, N., Hanulova, M. & Ulrich,
H. D. Processing of DNA polymerase-blocking lesions during
genome replication is spatially and temporally segregated from
replication forks. Mol. Cell 77, 3-16 (2020).

Gonzalez-Prieto, R., Munoz-Cabello, A. M., Cabello-Lobato, M. J. &
Prado, F. Rad51 replication fork recruitment is required for DNA
damage tolerance. EMBO J. 32, 1307-1321 (2013).

Lettier, G. et al. The role of DNA double-strand breaks in sponta-
neous homologous recombination in S. cerevisiae. Plos Genet 2,
1773-1786 (2006).

Daigaku, Y., Davies, A. A. & Ulrich, H. D. Ubiquitin-dependent DNA
damage bypass is separable from genome replication. Nature
465, 951-955 (2010).

Karras, G. |. & Jentsch, S. The RAD6 DNA damage tolerance
pathway operates uncoupled from the replication fork and is
functional beyond S Phase. Cell 141, 255-267 (2010).

Goodman, M. F. & Woodgate, R. Translesion DNA polymerases.
Cold Spring Harb. Perspect. Biol. 5, a010363 (2013).

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Makarova, A. V. & Burgers, P. M. Eukaryotic DNA polymerase z. eta.
DNA Repair 29, 47-55 (2015).

Hoege, C., Pfander, B., Moldovan, G. L., Pyrowolakis, G. & Jentsch,
S. RAD6-dependent DNA repair is linked to modification of PCNA
by ubiquitin and SUMO. Nature 419, 135-141 (2002).

Stelter, P. & Ulrich, H. D. Control of spontaneous and damage-
induced mutagenesis by SUMO and ubiquitin conjugation. Nature
425, 188-191 (20083).

Giannattasio, M. et al. Visualization of recombination-mediated
damage bypass by template switching. Nat. Struct. Mol. Biol. 21,
884-892 (2014).

Blastyak, A. et al. Yeast Rad5 protein required for postreplication
repair has a DNA helicase activity specific for replication fork
regression. Mol. Cell 28, 167-175 (2007).

Sogo, J. M., Lopes, M. & Foiani, M. Fork reversal and ssDNA
accumulation at stalled replication forks owing to checkpoint
defects. Science 297, 599-602 (2002).

Zellweger, R. et al. Rad51-mediated replication fork reversal is a
global response to genotoxic treatments in human cells. J. Cell
Biol. 208, 563-579 (2015).

Blastyak, A., Hajdu, I., Unk, |. & Haracska, L. Role of double-
stranded DNA Translocase activity of human HLTF in replication of
damaged DNA. Mol. Cell. Biol. 30, 684-693 (2010).

Carr, A. & Lambert, S. Recombination-dependent replication: new
perspectives from site-specific fork barriers. Curr. Opin. Genet
Dev. 71, 129-135 (2021).

Branzei, D. Ubiquitin family modifications and template switching.
FEBS Lett. 585, 2810-2817 (2011).

Maslowska, K. H., Laureti, L. & Pages, V. iDamage: a method to
integrate modified DNA into the yeast genome. Nucleic Acids Res.
47, €124 (2019).

Fan, Q. F. et al. Rad5 coordinates translesion DNA synthesis
pathway by recognizing specific DNA structures in sacchar-
omyces cerevisiae. Curr. Genet. 64, 889-899 (2018).
Gangavarapu, V. et al. Mms2-Ubc13-dependent and -independent
roles of Rad5 ubiquitin ligase in postreplication repair and trans-
lesion DNA synthesis in Saccharomyces cerevisiae. Mol. Cell. Biol.
26, 7783-7790 (2006).

Gallo, D. et al. Rad5 recruits error-prone DNA polymerases for
mutagenic repair of ssDNA gaps on undamaged templates. Mol.
Cell 73, 900-914 (2019).

Xu, X. et al. Involvement of budding yeast Rad5 in translesion DNA
synthesis through physical interaction with Rev1. Nucleic Acids
Res. 44, 5231-5245 (2016).

Maslowska, K. H. & Pages, V. Rad5 participates in lesion bypass
through its Revi-binding and ubiquitin ligase domains, but not
through its helicase function. Front. Mol. Biosci. 9, 1062027 (2022).
Veaute, X. et al. The Srs2 helicase prevents recombination by
disrupting Rad51 nucleoprotein filaments. Nature 423,

309-312 (2003).

Krejci, L. et al. DNA helicase Srs2 disrupts the Rad51 presynaptic
filament. Nature 423, 305-309 (2003).

Liu, J. et al. Rad51 paralogs Rad55-Rad57 balance the anti-
recombinase function of Srs2 in Rad51 pre-synaptic filament for-
mation. Nature 479, 245-248 (2011).

Papouli, E. et al. Crosstalk between SUMO and ubiquitin on PCNA
is mediated by recruitment of the helicase Srs2p. Mol. Cell 19,
123-133 (2005).

Pfander, B., Moldovan, G. L., Sacher, M., Hoege, C. & Jentsch, S.
SUMO-modified PCNA recruits Srs2 to prevent recombination
during S phase. Nature 436, 428-433 (2005).

Lawrence, C. W. & Christensen, R. B. Metabolic suppressors of
trimethoprim and ultraviolet light sensitivities of Saccharomyces
cerevisiae rad6 mutants. J., Bacteriol. 139, 866-876 (1979).

Nature Communications | (2026)17:1359

18


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-68109-1

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Schiestl, R. H., Prakash, S. & Prakash, L. The SRS2 suppressor of
rad6 mutations of Saccharomyces cerevisiae acts by channeling
DNA lesions into the RAD52 DNA repair pathway. Genetics 124,
817-831 (1990).

Aboussekhra, A. et al. RADH, a gene of Saccharomyces cerevisiae
encoding a putative DNA helicase involved in DNA repair. Char-
acteristics of radH mutants and sequence of the gene. Nucleic
Acids Res. 17, 7211-7219 (1989).

Smirnova, M. & Klein, H. L. Role of the error-free damage bypass
postreplication repair pathway in the maintenance of genomic
stability. Mutat. Res. 532, 117-135 (2003).

Broomfield, S., Hryciw, T. & Xiao, W. DNA postreplication repair
and mutagenesis in Saccharomyces cerevisiae. Mutat. Res. DNA
Repair 486, 167-184 (2001).

Smith, J. & Rothstein, R. An allele of RFA1 suppresses RAD52-
dependent double-strand break repair in Saccharomyces cerevi-
siae. Genetics 151, 447-458 (1999).

Liu, J., Gore, S. K. & Heyer, W. D. Local structural dynamics of
Rad51 protomers revealed by cryo-electron microscopy of Rad51-
ssDNA filaments. Nucleic Acids Res. 53, gkaf052 (2025).

Ke, R., Ingram, P. J. & Haynes, K. An integrative model of ion reg-
ulation in yeast. PLoS Comp. Biol. 9, €1002879 (2013).

Wright, W. D. & Heyer, W. D. Rad54 functions as a heteroduplex
DNA pump modulated by its DNA substrates and Rad51 during D
loop formation. Mol. Cell 53, 420-432 (2014).

Ciccia, A. et al. Polyubiquitinated PCNA recruits the ZRANB3
translocase to maintain genomic integrity after replication stress.
Mol. Cell 47, 396-409 (2012).

Fan, H. Y., Cheng, K. K. & Klein, H. L. Mutations in the RNA poly-
merase Il transcription machinery suppress the hyperrecombina-
tion mutant hpr1 Delta of Saccharomyces cerevisiae. Genetics 142,
749-759 (1996).

Loeillet, S. et al. Trajectory and uniqueness of mutational sig-
natures in yeast mutators. Proc. Natl. Acad. Sci. USA 117,
24947-24956 (2020).

Liberi, G. et al. Rad51-dependent DNA structures accumulate at
damaged replication forks in sgs1 mutants defective in the yeast
ortholog of BLM RecQ helicase. Genes Dev. 19, 339-350 (2005).
Alabert, C., Bianco, J. N. & Pasero, P. Differential regulation of
homologous recombination at DNA breaks and replication forks
by the Mrc1 branch of the S-phase checkpoint. EMBO J. 28,
1131-1141 (2009).

Barlow, J. H. & Rothstein, R. Rad52 recruitment is DNA replication
independent and regulated by Cdc28 and the Mec1 kinase. EMBO
J. 28, 1121-1130 (2009).

Sung, P. Yeast Rad55 and Rad57 proteins form a heterodimer that
functions with replication protein A to promote DNA strand
exchange by Rad51 recombinase. Genes Dev. 11, 1111-1121

(1997).

Maloisel, L. et al. Rad51 filaments assembled in the absence of the
complex formed by the Rad51 paralogs Rad55 and Rad57 are
outcompeted by translesion DNA polymerases on UV-induced
ssDNA gaps. Plos Genet 19, e1010639 (2023).

Xu, X. et al. The Yeast Shu complex utilizes homologous recom-
bination machinery for error-free lesion bypass via physical
interaction with a Rad51 Paralogue. PloS ONE 8, 81371 (2013).
Rattray, A. J., Shafer, B. K., McGill, C. B. & Strathern, J. N. The roles
of REV3 and RAD57 in double-strand-break-repair-induced muta-
genesis of Saccharomyces cerevisiae. Genetics 162,

1063-1077 (2002).

Ball, L. G., Zhang, K., Cobb, J. A., Boone, C. & Xiao, W. The yeast
Shu complex couples error-free post-replication repair to homo-
logous recombination. Mol. Microbiol. 73, 89-102 (2009).
Cabello-Lobato, M. J. et al. Physical interactions between MCM
and Rad51 facilitate replication fork lesion bypass and ssDNA gap

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

filling by non-recombinogenic functions. Cell Rep. 36,

109440 (2021).

Seppa, I. M. et al. MRN-CtIP, EXO1, and DNA2-WRN/BLM act
bidirectionally to process DNA gaps in PARPi-treated cells without
strand cleavage. Genes Dev. 39, 582-602 (2025).

Hofmann, R. M. & Pickart, C. M. Noncanonical MMS2-encoded
ubiquitin-conjugating enzyme functions in assembly of novel
polyubiquitin chains for DNA repair. Cell 96, 645-653 (1999).
Maslowska, K. H.,Wong, R. P., Ulrich, H. D. & Pages, V. Post-
replicative lesion processing limits DNA damage-induced muta-
genesis. Nucleic Acids Res. 53, gkaf198 (2025)

Mijic, S. et al. Replication fork reversal triggers fork degradation in
BRCA2-defective cells. Nat. Commun. 8, 859 (2017).

Taglialatela, A. et al. Restoration of replication fork stability in
BRCA1-and BRCA2-deficient cells by inactivation of SNF2-family
fork remodelers. Mol. Cell 68, 414-430 (2017).

Kolinjivadi, A. M. et al. Smarcall-mediated fork reversal triggers
Mre11-dependent degradation of nascent DNA in the absence of
Brca2 and stable Rad51 nucleofilaments. Mol. Cell 67,

867-881 (2017).

Segurado, M. & Diffley, J. F. X. Separate roles for the DNA damage
checkpoint protein kinases in stabilizing DNA replication forks.
Genes Dev. 22, 1816-1827 (2008).

Cloud, V., Chan, Y. L., Grubb, J., Budke, B. & Bishop, D. K. Rad51Is
an accessory factor for Dmc1-mediated joint molecule formation
during meiosis. Science 337, 1222-1225 (2012).

Son, M. Y. et al. RAD51 separation of function mutation disables
replication fork maintenance but preserves DSB repair. iScience
27, 109524 (2024).

Kimble, M. T., Johnson, M. J., Nester, M. R. & Symington, L. S. Long-
range DNA end resection supports homologous recombination by
checkpoint activation rather than extensive homology generation.
Elife 12, e84322 (2023).

Bashkirov, V. 1., King, J. S., Bashkirova, E. V., Schmuckli-Maurer, J. &
Heyer, W. D. DNA repair protein Rad55 is a terminal substrate of
the DNA damage checkpoints. Mol. Cell. Biol. 20,

4393-4404 (2000).

Bashkirov, V. I., Herzberg, K., Haghnazari, E., Vlasenko, A. S. &
Heyer, W. D. DNA-damage induced phosphorylation of Rad55
protein as a sentinel for DNA damage checkpoint activation in S.
cerevisiae. Meth. Enzymol. 409, 166-182 (2006).

Herzberg, K. et al. Phosphorylation of Rad55 on serines 2, 8, and 14 is
required for efficient homologous recombination in the recovery of
stalled replication forks. Mol. Cell. Biol. 26, 8396-8409 (2006).
Dumont, A. et al. Mechanism of homology search expansion
during recombinational DNA break repair in Saccharomyces cer-
evisiae. Mol. Cell 84, 3237-3253 (2024).

Burke, D. J., Dawson, D. & Stearns, T. Methods in Yeast Genetics: A
Cold Spring Harbor Laboratory Course Manual. Cold Spring Harb.
Lab. Press (2000).

Erdeniz, N., Mortensen, U. H. & Rothstein, R. Cloning-free PCR-
based allele replacement methods. Genome Res. 7,

174-1183 (1997).

Laemmli, U. K. Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature 227, 680-685 (1970).
Spector, D. L. & Goldman, R. D. Basic methods in microscopy:
Protocols and concepts from Cells: A laboatory manual. Cold
Spring Harb. Lab. Press (2006).

Lea, D. E. & Coulson, C. A. The distribution of the numbers of
mutants in bacterial populations. J. Genet. 49, 399-406 (1949).
Piazza, A. et al. Dynamic processing of displacement loops during
recombinational DNA repair. Mol. Cell 73, 1255-1266.€1254 (2019).
Piazza, A., Koszul, R. & Heyer, W. D. A proximity ligation-based
method for quantitative measurement of D-loop extension in S.
cerevisiae. Methods Enzymol. 601, 27-44 (2018).

Nature Communications | (2026)17:1359

19


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-68109-1

108. Reitz, D., Savocco, J., Piazza, A. and Heyer, W. D. Detection of
homologous recombination intermediates via proximity ligation
and quantitative PCR in Saccharomyces cerevisiae. J. Vis. Exp.
https://doi.org/10.3791/64240 (2022).

Hung, S. H., Liang, Y. & Heyer, W. D. Multifaceted roles of H2B

mono-ubiquitylation in D-loop metabolism during homologous

recombination repair. Nucleic Acids Res. 53, gkaf081 (2025).

Donnianni, R. A. & Symington, L. S. Break-induced replication

occurs by conservative DNA synthesis. Proc. Natl. Acad. Sci. USA

110, 13475-13480 (2013).

Donnianni, R. A. et al. DNA polymerase delta synthesizes both

strands during break-induced replication. Mol. Cell 76,

371-381 (2019).

Clemente-Ruiz, M. & Prado, F. Chromatin assembly controls

replication fork stability. Embo Rep. 10, 790-796 (2009).

Johnson, R. E., Kovvali, G. K., Prakash, L. & Prakash, S. Role of yeast

Rth1 nuclease and its homologs in mutation avoidance, DNA

repair, and DNA replication. Curr. Genet. 34, 21-29 (1998).

Akada, R. et al. PCR-mediated seamless gene deletion and marker

recycling in Saccharomyces cerevisiae. Yeast 23, 399-405 (2006).

110. Alani, E. & Kleckner, N. A method for gene disruption that allows
repeated use of URAS selection in the construction of multiply
disrupted yeast strains. Genetics 116, 541-555 (1987).

1.  Laughery, M. F. et al. New vectors for simple and streamlined
CRISPR-Cas9 genome editing in Saccharomyces cerevisiae. Yeast
32, 711-720 (2015).

12. New, J. H., Sugiyama, T., Zaitseva, E. & Kowalczykowski, S. C.
Rad52 protein stimulates DNA strand exchange by Rad51 and
replication protein A. Nature 391, 407-410 (1998).

113. Sung, P. Catalysis of ATP-dependent homologous DNA pairing
and strand exchange by yeast RAD51 protein. Science 265,
1241-1243 (1994).

114. Nimonkar, A. V. et al. Saccharomyces cerevisiae Dmc1 and Rad51
proteins preferentially function with Tid1 and Rad54 proteins,
respectively, to promote DNA strand invasion during genetic
recombination. J. Biol. Chem. 287, 28727-28737 (2012).

15. Binz, S. K., Dickson, A. M., Haring, S. J. & Wold, M. S. Functional
assays for replication protein A (RPA). Methods Enzymol. 409,
11-38 (2006).

16. Cejka, P. & Kowalczykowski, S. C. The full-length Saccharomyces
cerevisiae Sgs1 protein is a vigorous DNA helicase that pre-
ferentially unwinds Holliday junctions. J. Biol. Chem. 285,
8290-8301 (2010).

17. Cannavo, E., Cejka, P. & Kowalczykowski, S. C. Relationship of DNA
degradation by Saccharomyces cerevisiae Exonuclease 1 and its
stimulation by RPA and Mre11-Rad50-Xrs2 to DNA end resection.
Proc. Natl. Acad. Sci. USA 110, E1661-E1668 (2013).

18. Budd, M. E., Choe, W. & Campbell, J. L. The nuclease activity of the
yeast DNA2 protein, which is related to the RecB-like nucleases, is
essential in vivo. J. Biol. Chem. 275, 16518-16529 (2000).

19. Cejka, P. et al. DNA end resection by Dna2-Sgs1-RPA and its sti-

mulation by Top3-Rmi1 and Mre11-Rad50-Xrs2. Nature 467,

12-116 (2010).

Anand, R., Pinto, C. & Cejka, P. Methods to Study DNA End

Resection I: Recombinant Protein Purification. Methods Enzymol.

600, 25-66 (2018).

121. Carreira, A. et al. The BRC Repeats of BRCA2 Modulate the DNA-
Binding Selectivity of RAD51. Cell 136, 1032-1043 (2009).

122. Li, X. et al. Rad51 and Rad54 ATPase activities are both required to

modulate Rad51-dsDNA filament dynamics. Nucleic Acids Res. 35,

4124-4140 (2007).

Liu, J. et al. Srs2 promotes synthesis-dependent strand annealing

by disrupting DNA polymerase delta-extending D-loops. Elife 6,

€22195 (2017).

104.

105.

106.

107.

108.

109.

120.

123.

Acknowledgements

We thank Steve Kowalczykowski and Neil Hunter for sharing equipment,
Rodney Rothstein and Lorraine Symington for strains, JoAnne Engeb-
recht for letting us use her microscope, and Akira Shinohara for anti-
Rad51 serum. This work was supported by grants GM58015 and
GM131037 from the US National Institutes of Health (WDH), Cancer
Center Core Support Grant NCI PBOCA093373 to UCD, grants BFU2015-
63698-P and PID2021-127486NB-100 from MCIN/AEI/10.13039/
501100011033 and “ERDF A way of making Europe” (F.P.), the Swiss
National Science Foundation (SNSF) (Grants 310030_207588 and
310030_205199) and the European Research Council (ERC) (Grant
101018257) (P.C.), and Fondation pour la Recherche Médicale [FRM-
EQU201903007797] (V.P.). D.M. was partially supported by the NCI T32
Oncogenic Signaling and Chromosome Biology training program T32
CA108459, S.J.C. was partially supported by the NIH T32 Molecular &
Cellular Biology training program T32 GM007377; C.F. was partially
supported by NIH postdoctoral fellowship F32GM083509; C.E. was
supported by a postdoctoral fellowship from the Deutsche For-
schungsgemeinschaft (DFG); MIC-L was supported by a fellowship from
Spanish government FPU13/00955.

Author contributions

D.M., SK.G., JL,S.J.C,SHH,GR,MIC.L,KHM,FV.,C.F., and C.E.
conducted the experiments; J.L. and S.G. conducted the structural
visualization; D.M., F.P., P.C., V.P., and W.D.H. designed experiments and
interpreted results; W.D.H. designed the study and wrote the manuscript
with contributions from D.M., SK.G., J.L., F.P., V.P., and P.C.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-68109-1.

Correspondence and requests for materials should be addressed to
Wolf-Dietrich Heyer.

Peer review information Nature Communications thanks Patrick Sung
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

Nature Communications | (2026)17:1359

20


https://doi.org/10.3791/64240
https://doi.org/10.1038/s41467-025-68109-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Rad51 determines pathway usage in post-replication repair
	Results
	RAD51 mutant isolation
	rad51-ED and rad51-KN cause sensitivity to fork stalling
	rad51-KN is proficient in sister chromatid recombination while rad51-ED has a subtle defect
	rad51-ED and rad51-KN exhibit a defect in interhomolog recombination
	Rad51-ED and Rad51-KN proteins exhibit a strongly reduced Kd for dsDNA
	Rad51-ED and Rad51-KN proteins have altered ATPase profiles
	Rad51-ED and Rad51-KN proteins are proficient in D-loop formation
	Rad51-ED and Rad51-KN fail to protect dsDNA from Exo 1 or Dna2
	Synergy with defect in post-replication repair
	rad51-ED and rad51-KN display a strong mutator phenotype
	Dramatic shift from template switching to TLS
	Defects in binding to stalled forks and forming sister chromatid junctions
	No effect on interaction with Rad55-Rad57

	Discussion
	Methods
	Yeast strains and growth conditions
	Rad51 mutant isolation and genomic integration
	Serial dilution assays
	Immunoblots
	Immunofluorescence
	Direct-repeat sister-chromatid recombination assay
	D-loop capture assay (DLC) assay
	Determination of BIR frequency
	Detection of physical BIR products
	Analysis of sister chromatid junctions (SCJs)
	In vivo ChEC analysis
	Direct post-replication repair analysis in cells
	Protein purifications
	Biochemical assays
	Electron microscopic imaging of Rad51 filaments
	Statistical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




