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In brief

Cabello-Lobato et al. find that MCM
interacts dynamically with Rad51 and
Rad52 within a nuclease-insoluble
nucleoprotein scaffold. These
interactions are established in G1 and
maintained in the S phase by Cdc7 in the
presence of replication-blocking lesions
to assist stressed forks through non-
recombinogenic functions.
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SUMMARY

The minichromosome maintenance (MCM) helicase physically interacts with the recombination proteins
Rad51 and Rad52 from yeast to human cells. We show, in Saccharomyces cerevisiae, that these interactions
occur within a nuclease-insoluble scaffold enriched in replication/repair factors. Rad51 accumulates in a
MCM- and DNA-binding-independent manner and interacts with MCM helicases located outside of the repli-
cation origins and forks. MCM, Rad51, and Rad52 accumulate in this scaffold in G1 and are released during
the S phase. In the presence of replication-blocking lesions, Cdc7 prevents their release from the scaffold,
thus maintaining the interactions. We identify a rad57 mutant that is impaired in its ability to bind to MCM
but not to the scaffold. This mutant is proficient in recombination but partially defective in single-stranded
DNA (ssDNA) gap filling and replication fork progression through damaged DNA. Therefore, cells accumulate
MCM/Rad51/Rad52 complexes at specific nuclear scaffolds in G1 to assist stressed forks through non-re-

combinogenic functions.

INTRODUCTION

Replicative stress is a major source of genomic instability,
which is associated with cancer and genetic diseases (Hills
and Diffley, 2014). Cells are endowed with different mecha-
nisms to deal with DNA lesions that hinder the advance of
replication forks. The DNA damage tolerance (DDT) response
facilitates replication fork progression through damaged DNA,
postponing the repair of blocking lesions for later stages to
timely complete genome duplication. The homologous recom-
bination (HR) machinery has multiple and critical roles in this
process through mechanisms that are mostly error free, in
contrast to translesion synthesis (TLS) mechanisms, which
can be mutagenic (Branzei and Psakhye, 2016; Prado, 2014,
2018). HR proteins escort the fork under unperturbed condi-
tions (Alabert et al., 2014; Gonzalez-Prieto et al., 2013;
Hashimoto et al., 2010; Lépez-Contreras et al., 2013) and assist
replication forks in response to replicative stress. In mammalian
cells, the recombinase RAD51 is required for the formation and
protection of reversed forks as intermediates to promote repli-
cation fork bypass of blocking lesions (Bhat and Cortez, 2018;
Zellweger et al., 2015). Reversed forks are rarely detected in
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yeast cells treated with the alkylating agent methyl methanesul-
fonate (MMS) or UV light, which cause DNA blocking lesions
(Giannattasio et al., 2014; Lopes et al., 2006). However, yeast
Rad51 also prevents the accumulation of single-stranded
DNA (ssDNA) fragments at the forks (Hashimoto et al., 2010;
Lopes et al., 2006), and together with its mediator Rad52 are
required for fork progression in the presence of alkylated bases
(Alabert et al., 2009; Gonzéalez-Prieto et al., 2013; Vazquez
et al., 2008).

It has long been established in the yeast Saccharomyces cer-
evisiae that HR proteins are required to fill in the stretches of
ssDNA generated during DNA replication in the presence of
DNA adducts (Gangavarapu et al., 2007; Jachymczyk et al.,
1977; Prakash, 1981; Resnick et al., 1981). This process requires
multiple recombination factors, including Rad51 and Rad52, and
relies on the transient formation of sister chromatid junctions
(SCJs) through strand-exchange reactions (Branzei et al,
2008; Liberi et al., 2005; Mankouri et al., 2007; Vanoli et al.,
2010). In addition, we have recently shown that Rad51 and
Rad52 facilitate TLS through non-recombinogenic functions
(Cano-Linares et al., 2021). In S. cerevisiae, the repair of these
ssDNA gaps occurs post-replicatively at DNA regions that are
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spatially separated from replication forks (Gonzalez-Prieto et al.,
2013; Wong et al., 2020).

Previous studies in Schizosaccharomyces pombe and human
cells showed that Rad51 and Rad52 physically interact with the
minichromosome maintenance (MCM) helicase complex in the
absence and presence of drugs that impair DNA replication (Bai-
lis et al., 2008; Shukla et al., 2005). The MCM helicase is a
conserved ring-shaped complex formed by six related subunits
(Mcm2 to Mcm7 in S. cerevisiae) with essential roles in DNA repli-
cation. The loading of MCM at chromatin occurs during late
mitosis and G1 and requires the initial binding of the origin recog-
nition complex (ORC) to a replication origin, followed by the
recruitment of Cdc6 and the final entry of an MCM/Cdt1 hep-
tamer. In this pre-replicative complex (pre-RC), the MCM heli-
case is loaded as an inactive head-to-head dimer that encircles
dsDNA. This complex is activated during S phase through a pro-
cess that requires the activities of the cyclin- and Dbf4-depen-
dent kinases (Cdc28 and Cdc7 in S. cerevisiae, respectively)
and the binding of the replication factors Cdc45 and GINS (form-
ing the CMG complex). During these steps, the double hexamer
is split, and each active ring is opened and re-closed around the
leading ssDNA template to promote DNA unwinding as the CMG
complex translocates during replication elongation (Deegan and
Diffley, 2016; Labib, 2010; Li and O’Donnell, 2018). Remarkably,
the number of MCM complexes loaded at chromatin exceeds
the number of replication origins and ORCs by a factor of 10 to
50. These excess MCM complexes spread over the surrounding
chromatin where they have different roles in response to replica-
tion stress (Das and Rhind, 2016; Hyrien, 2016).

We show in the yeast S. cerevisiae that Rad51 and Rad52
display dynamic interactions with MCM in a nuclease-insoluble
scaffold in which MCM, but not Rad51, seems to be directly
bound to DNA. Binding to this scaffold is regulated through the
cell cycle in a DNA-damage-dependent manner. In unperturbed
cells, they accumulate in G1 and are released during S phase;
however, in the presence of replication stress, Cdc7 prevents
the release of Rad51 and Rad52 from the scaffold, thus, maintain-
ing their association with MCM. Functionally, the interaction be-
tween MCM and Rad51 promotes replication fork advance and
ssDNA gap repair through non-recombinogenic mechanisms.

RESULTS

MCM interaction with Rad51 and Rad52 is regulated by
the cell cycle, DNA damage, and Cdc7

To determine whether the interactions of MCM with Rad51 and
Rad52 are conserved in S. cerevisiae, we performed coimmuno-
precipitation (ColP) experiments using a GFP-tagged allele of
Mcm4, which did not affect cell growth. Rad51 coimmunopreci-
pitated with Mcm4, regardless of whether the lysates were pre-
treated with the nucleases MNase | (Figure 1A) or benzonase
(Figure 1B), indicating that the interaction was not mediated by
DNA. This ColP also showed an association of Mcm4 with
Rad52 (Figure 1B). However, the absence of Rad52 did not pre-
vent the formation of the MCM/Rad51 complex, despite Rad52
being required for Rad51 binding to replication forks and ssDNA
lesions (Gonzalez-Prieto et al., 2013). In fact, the amount of
precipitated Rad51 increased in rad52 4 cell extracts (Figure 1A,
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right panel), suggesting dynamic interactions between Rad51,
Rad52, and MCM. Next, we performed the ColP analysis in
asynchronous cultures treated or not for 2 h with either MMS
or hydroxyurea (HU), which causes deoxyribonucleotide triphos-
phate (dNTP) depletion. The MCM/Rad51 interaction was
observed in the absence and presence of either DNA-damaging
agent, although it was stronger in response to MMS (Figures 1C
and 1D).

Cdc7 is a major regulator of MCM activity (Labib, 2010). To
determine whether the interaction between Rad51 and Mcm4 re-
quires the kinase activity of Cdc7, we used an allele of CDC7
(cdc7-as3) that is sensitive to the ATP analog inhibitor
1NMPP1 (Wan et al., 2006). Because Cdc?7 is essential for repli-
cation initiation, the inhibitor was added 30 min after G1 release,
and the interaction was tested 60 min later. The experiment was
performed in the presence of MMS to maintain cells with compa-
rable cell-cycle profiles. The addition of TNMPP1 prevented
Rad51 from coimmunoprecipitating with Mcm4, indicating that
the MCM/Rad51 association requires the continuous kinase ac-
tivity of Cdc7 (Figure 1E). The requirement of Cdc7 for replication
initiation can be bypassed by a mutation in Mcm5 (mcm5-bob1)
(Hardy et al., 1997). Likewise, Cdc7 activity was not required to
maintain the MCM/Rad51 interaction both in cdc7-as3 mcmb5-
bob1 treated with an inhibitor and in cdc74 mem5-bob1 cells
in the presence of MMS or HU (Figures 1D, 1E, and S1A), sug-
gesting that Cdc7 maintains the MCM/Rad51 interaction in
response to DNA damage by acting upon the MCM complex.
When these experiments were repeated in cells released in the
absence of DNA damage, the MCM/Rad51 interaction was de-
tected in unperturbed S/G2 cells only after over-exposure of
the western blot (Figure 1F, lanes 2 and 3). Furthermore, the
mecmb5-bob1 mutation was not sufficient to maintain the MCM/
Rad51 interaction in the absence of DNA damage (Figure S1B).
Rad51 also coimmunoprecipitated with Mcm4 in G1-arrested
cells (Figure 1G), even though there is no Cdc7 activity in that
phase (Weinreich and Stillman, 1999). Interestingly, Mcm4 is
modified under conditions that promote its interaction with
Rad51 (Figures 1F, 1G, and S1C), in part because of phosphor-
ylation, as determined by phosphatase A treatment (Figure S1D).
Altogether, our ColP analyses show an interaction between
MCM and Rad51 in G1 that is lost during unperturbed S/G2;
however, in the presence of replicative DNA damage, the kinase
activity of Cdc7 maintains the interaction.

The MCM/Rad51 complex localizes to a nuclease-
insoluble nuclear scaffold
To determine the location of the MCM/Rad51 interaction, we first
separated, by cell lysis and centrifugation, the soluble (superna-
tant) and insoluble (pellet containing the chromatin) fractions
from cells growing asynchronously under unperturbed condi-
tions; proper fraction was confirmed by western blots against
histone H4 (insoluble fraction) and Pgk1 (soluble fraction) (Fig-
ure 2A, left panel). The amount of Rad51 interacting with
Mcm4 was much greater in the insoluble, than in the soluble,
fraction, even though both factors were more abundant in the
soluble fraction (Figure 2A, right panel).

Nuclease digestion of the pellet solubilizes most of the chro-
matin; however, there is a residual nuclease-insoluble chromatin
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Figure 1. MCM interacts with Rad51 and Rad52 through mechanisms regulated by cell cycle, DNA damage, and Cdc7

(A) Rad51 interacts with Mcm4, independent of Rad52. ColP was performed in asynchronous cultures.

(B) Mcm4 interacts with Rad52. Interactions were detected regardless of whether extracts had been treated or not with MNase | (A) or benzonase (B). ColP was
performed in asynchronous cultures.

(C) Mcm4 interacts with Rad51, both with and without 0.015% MMS for 2 h. ColP was performed in asynchronous cultures.

(D) Mcm4 interacts with Rad51 in cdc74 mem5-bob1 and wild-type cells treated with 0.2 M HU for 2 h. Wild-type cells treated with 0.025% MMS for 2 h were
included as controls. ColP was performed in asynchronous cultures.

(E) The Mcm4/Rad51 interaction in cells released into MMS during the S phase depends on Cdc7 kinase activity, and mcm5-bob1 bypasses that requirement.
cdc7-as3 cells were synchronized in the G1, released into the S phase in the presence of 0.015% MMS for 90 min, and treated with 15 uM 1NMPP1 30 min after
G1 release.

(F) Mcm4/Rad51 interaction is eliminated during an unperturbed S phase. G1-synchronized cells were released in the absence or presence of 0.015% MMS for 45
and 90 min, respectively, and were treated or not with 15 uM 1NMPP1 30 min after G1 release (—MMS). An over-exposure (0.e.) of the Rad51 gel is shown.
(G) The Mcm4/Rad51 interaction occurs in G1, independent of Cdc7 activity. The analysis was performed in G1-arrested cells, either coming from G1 and
released into fresh medium with a-factor and 15 uM INMPP1 60 min later (G2-to-G1) or maintained in G1 for 30 min with and without an inhibitor (G1). Cells
synchronized in G1 and released into fresh medium for 60 min were included as controls (S/G2).

Physical interactions of MCM with Rad51 and Rad52 were determined by immunoprecipitation of Mcm4-GFP and western blot analyses. All experiments were
repeated at least twice with similar results. The asterisks indicate a degradation product. Dashed lines indicate spliced images.

ter fractionation of G1-arrested and MMS-released cells were di-
gested with benzonase, and nuclease-soluble and insoluble
fractions were analyzed by centrifugation, followed by western
blot. A control with undamaged cells from an asynchronous cul-
ture was included for comparison. As expected, nuclease

fraction that precipitates with the scaffold protein Top2, the
checkpoint protein Rad53, and the replication factors ORC,
Dbf4, and Sgs1 (Frei and Gasser, 2000; Pasero et al., 1999).
To determine in what fraction Rad51 and MCM were present un-
der the conditions in which they interact, the pellets obtained af-
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Figure 2. The MCM/Rad51 complex localizes to a nuclease-insoluble nuclear scaffold

(A) Immunoprecipitation of Rad51 with Mcm4-GFP using MNase-I-treated lysates from insoluble (pellet) and soluble (supernatant) fractions from asynchronously
growing cells (right panels). Similar cell equivalents of the insoluble and soluble fractions were loaded for the fractionation controls (left panels) and ColP samples
(right panels). For the input of the ColP samples, one and five equivalents of the soluble fraction were loaded for the insoluble fraction. The asterisk indicates an
unspecific band as determined in a rad514 strain (data not shown). The experiments were repeated twice with similar results.

(B) Rad51 and MCM accumulate in a nuclease-insoluble fraction both in cells arrested in G1 and in cells released in the presence of 0.025% MMS for 120 min. An
unperturbed asynchronous culture was included as a control. The pellet obtained after cell fractionation was further fractionated into nuclease-soluble and
-insoluble fractions by treatment with benzonase and centrifugation, and the amount of histone H4, Rad51, Mcm7, and Mcm4-GFP was determined by western
blot. The asterisk indicates an unspecific band as determined in a rad517 4 strain (data not shown). The experiments were repeated twice with similar results.
(C) MCM/Rad51 interaction is prevented at the pre-RC. Rad51 and Mcm4-GFP accumulation at replication origins in cells synchronized in G1 and released into
the S phase for 1 hiin the presence of 0.2 M HU. The means + SEM of three independent ChIP experiments are shown. One and two asterisks represent significant
differences with the untagged strain; *p < 0.05 and **p < 0.01; two-tailed Student’s t test.

(D) CDC6 expression is required for MCM, but not for Rad51, accumulation in the insoluble fraction in G1, as determined in GAL::CDC6 cells synchronized in G1
under conditions of Cdc6 repression. The amount of Mcm4 and Rad51 (normalized to H4) left in the insoluble fraction in Cdc6-depleted cells relative to Cdc6-
expressing cells is shown. The means + SEM from three independent experiments are shown. Two asterisks represent a significant difference with the Cdc6-
expressing strain; “*p < 0.01; one-sample t test.

(E) The DNA-binding domain of Rad51 is dispensable for its accumulation in the insoluble fraction. G1-synchronized rad57-K191A and wild-type cells were
released into the S phase in the presence of 0.025% MMS. The binding of MCM and Rad51 to the insoluble fraction was determined by cell fractionation and
western blot analyses (see Figure S1l for fractionation controls). Histone H4 was used to normalize the amount of each protein. The mean + SEM from five
independent experiments are shown. One asterisk represents a significant difference; *p < 0.05; two-tailed Student’s t test.

(F) MCM/Rad51 interaction augments in a rad57-K791A mutant. ColP was performed in asynchronous cultures treated with 0.025% MMS for 2 h. Similar results
were obtained in three independent experiments.

treatment released most of the chromatin, as determined by the
enrichment of histone H4 in the soluble fraction (Figure 2B).
Rad51 remained in the nuclease-insoluble pellet. Indeed, the
helicase MCM, which is released to the solubilized fraction in un-
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perturbed asynchronous cultures (Figure 2B) (Liang and Still-
man, 1997; Pasero et al., 1999), was also partially retained in
the nuclease-insoluble pellet in G1- and MMS-treated S-phase
cells (Figure 2B).
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These results suggest that MCM and Rad51 accumulate in a
nuclease-insoluble fraction under conditions that promote their
interaction. To determine whether MCM and Rad51 bind to DNA
in this fraction, we first used chromatin immunoprecipitation
(ChIP) to probe their accumulation at three different replication or-
igins in G1-arrested cells. As a positive control, their presence was
also monitored at forks arrested in the early S phase by means of
an HU treatment. Whereas both Mcm4 and Rad51 accumulated
at stalled forks in the S phase, only Mcm4 was detected at the or-
igins in G1 (Figure 2C). Neither Mcm4 nor Rad51 significantly
accumulated at three different positions close to ARS305 in G1
(Figure S1E). These results indicate that the MCM/Rad51 interac-
tion does not occur at the pre-RC in G1.

To determine whether MCM was bound to DNA in the insol-
uble fraction, we analyzed its accumulation in the absence
of Cdc6, essential for MCM loading onto DNA (Cocker et al.,
1996). For that, GAL1::CDC6 cells were synchronized in G1 in
the presence of glucose to repress the expression of Cdce.
Under these conditions, cells were unable to exit G1. This
approach reduced the amount of Mcm4 in the insoluble fraction
to ~30% (Figures 2D and S1F), suggesting that most MCM in this
fraction is bound to DNA. Notably, the accumulation of Rad51
was unaffected under these conditions (Figure 2D). Indeed,
neither Rad51 nor Rad52 was required for Mcm4 accumulation
in this fraction in G1 (Figures S1G and S1H).

To test whether Rad51 was bound to DNA in the insoluble frac-
tion, we employed a mutant (rad57-K191A) defective in DNA
binding (Fung et al., 2006; Van Komen et al., 2000; Li et al.,
2007; Morgan et al., 2002; Sung and Stratton, 1996) and followed
its accumulation both in G1 and during S phase in the presence
of MMS. The amount of Rad51-K191A in the insoluble fraction
was strongly increased as compared with the wild-type protein
(Figures 2E and S1l), suggesting that Rad51 is preferentially
bound to a nuclear scaffold in a DNA-independent manner and
that Rad51 is dynamically exchanged between that scaffold
and DNA. Finally, we observed that the increase of Rad51 at
that nuclear scaffold in the rad57-K7191A mutant augmented its
interaction with MCM (Figure 2F), further supporting the dyna-
mism of these interactions. Altogether, these results suggest
that MCM and Rad51 are independently recruited and interact
dynamically in a nuclease-insoluble nucleoprotein scaffold.
Although Rad51 associates to that compartment in a DNA-
and MCM-independent manner, MCM seems to be bound to
DNA.

Cell cycle, DNA damage, and Cdc7 regulate the
accumulation of MCM, Rad51, and Rad52 in the nuclear
scaffold

To better understand the regulation of the MCM/Rad51/Rad52
interactions, we followed their binding to the insoluble fraction
under various conditions (Figure 3; see Figure S2 for fraction-
ation controls). We first analyzed their binding during the cell
cycle under unperturbed conditions. As previously reported,
Mcm4 accumulated in the insoluble fraction in G1 and was tran-
siently lost during the S phase (Figure 3A) (Aparicio et al., 1997;
Liang and Stillman, 1997; Tanaka et al., 1997). Rad51 and Rad52
displayed a similar pattern of binding during the cell cycle (Fig-
ures 3A and S3A). That reduction in binding to the insoluble frac-
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tion during replication was not due to lower levels of total protein
(Figure S3B).

As we anticipated in Figure 2E, MCM, Rad51, and Rad52 were
not released from the insoluble fraction during S/G2 in the pres-
ence of MMS; indeed, the amount of Rad51 and Rad52
increased with time (Figures 3B and S3A). It is worth noting
that Mcm4 remained bound, even at very late times in MMS, dur-
ing which bulk DNA was largely replicated (Figure 3B, FACS pro-
files), indicating that its maintenance was not due to replication
inhibition.

These results suggest a functional connection between the
physical interactions of MCM with Rad51 and Rad52 and their
binding to the insoluble fraction. To further explore that possibil-
ity, we studied the genetic requirements of that binding. Frac-
tionation analyses showed that Rad52 is not required for
Rad51 binding to the insoluble fraction; indeed, the amount of
Rad51 at that fraction increased in rad524 (Figure 3C). Next,
we studied the role of Cdc7 in cells released into the S phase
in the presence of MMS. Rad51 and Rad52 were lost from the
insoluble fraction in the absence of Cdc7 kinase activity (Figures
3D and S3C), and that phenotype was suppressed by the mcm5-
bob1 mutation (Figure 3E). In the case of MCM, the results were
not conclusive. MCM was maintained in the insoluble fraction af-
ter Cdc7 inhibition in most kinetics (Figure 3D); however, it was
released to the same extent as Rad51 in some cases (5 of 16;
see Figure S3D), suggesting a partial requirement of Cdc7 for a
stable binding of MCM to the insoluble fraction. Overall, our re-
sults suggest that the formation of an MCM/Rad51/Rad52 com-
plex is mechanistically linked to the binding of their components
to a nuclear scaffold.

Cdc7 is required to maintain Rad51 in the insoluble
fraction, independent of the MCM/Rad51 interaction
Restricting Rad52 expression to G2/M prevents Rad51 from
binding to MMS-induced ssDNA gaps and interferes with its
repair (Gonzalez-Prieto et al., 2013), suggesting that the recruit-
ment of the recombination proteins to ssDNA gaps during DDT
must occur during the S phase. This is a substantial mechanistic
distinction from double-strand break (DSB)-induced HR; in
which, Rad51 and Rad52 are recruited to ssDNA independent
of DNA replication (Alabert et al., 2009; Barlow and Rothstein,
2009). To better understand this process, we performed a search
for rad51 mutants sensitive to MMS and resistant to ionizing ra-
diation (IR). We obtained five rad517 alleles in centromeric plas-
mids that were tested for their ability to interact with MCM as a
putative mechanism to explain the coupling between replication
and Rad51 binding to ssDNA gaps during DDT. One of them
(rad51m) was defective in its interaction with MCM (Figure S4A).
To rule out the possibility that these phenotypes were due to its
plasmid location, we reproduced them in a strain in which chro-
mosomal RAD51 was replaced with the rad51m allele (Figures
4A and 4B).

The kinetics of MCM and Rad51 binding to the insoluble frac-
tion, both in the absence and presence of MMS, were similar in
rad51m and wild-type cells (Figures 4C, 4D, S4B, and S4C).
These results confirm that the MCM/Rad51 interaction is not
required for its recruitment to the insoluble fraction (Figure 2D)
and suggest that Cdc7 maintains the MCM/Rad51 interaction
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Figure 3. Cell cycle, DNA damage, and Cdc7 regulate the accumulation of MCM, Rad51, and Rad52 in the insoluble fraction

(A) Mcm4 and Rad51 accumulate in the insoluble fraction in G1 and are released during the S phase.

(B) Mcm4 and Rad51 are maintained in the insoluble fraction during the S phase in the presence of 0.025% MMS.

(C) Rad52 is not required for Rad51 binding to the insoluble fraction in G1 and MMS-released cells.

(D) Inhibition of Cdc7 kinase activity prevents the maintenance of Rad51 in the insoluble fraction in response to DNA damage. G1-synchronized cells were
released into the S phase in the presence of 0.025% MMS; they were treated with 15 pM 1INMPP1 35 min after G1 release.

(E) The mem5-bob 1 mutation bypasses the requirement of Cdc7 for Rad51 maintenance in the insoluble fraction under replicative stress. G1-synchronized cells
were released into the S phase in the presence of 0.025% MMS; they were treated with 15 uM 1INMPP1 35 min after G1 release.

MCM and Rad51 binding to the insoluble fraction was determined by cell fractionation and western blot. See Figure S2 for fractionation controls (A-E). Dashed
lines indicate spliced images. Histone H4 was used to normalize the amount of each protein. The mean of 4 (A), 11 for Mcm4-GFP and 14 for Rad51 (B), 2 (C and E)
and 11 for 90-min, and 6 for 120-min (D) independent experiments are plotted. Either the SEM (A, B, and D) or range (C and E) are shown. Values are normalized to
G1 (A-C) or to the absence of the inhibitor (D and E), taking as 100. Statistically significant differences relative to G1 (A and B) or to the absence of the inhibitor (D)

are shown; *p < 0.05, **p < 0.01, **p < 0.001; one-sample t test.

by preventing Rad51 from dissociating from the nuclear scaffold.
In agreement with that, the binding of Rad51 to the insoluble
fraction was reduced to a similar extent in rad57m and wild-
type cells upon Cdc7 inhibition (Figures 4E and S4D). Therefore,
Cdc7 is required to maintain Rad51 in the nuclear scaffold in the
presence of replicative DNA damage but is, independent of the
MCM/Rad51 interaction.

The interaction between MCM and Rad51 facilitates the
replication of damaged DNA

DNA content analyses revealed defects in replication fork pro-
gression in the presence of MMS in the rad57m mutant (Fig-
ure 4D, FACS profiles). To better characterize that phenotype,
we followed DNA replication at shorter time intervals. The
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rad51m mutant did not display replication defects under unper-
turbed conditions (Figures S5A and S5B); however, it displayed a
gradual delay in the replication of MMS-damaged DNA, which
became evident at late times after G1 release (Figure 5A). The
absence of Cdc7 activity also affected replication fork progres-
sion, which was severely aggravated in rad57m cdc7-as3 cells
(Figure 4E, FACS profiles). Likewise, rad51m and cdc7-as3 sin-
gle mutants exhibited a delay in completing DNA replication
and entering into the following cell cycle after MMS treatment,
whereas the rad57m cdc7-as3 double mutant was unable to
complete replication (Figure 5B). These replicative defects
were confirmed by pulse field gel electrophoresis (PFGE), in
which only completely replicated chromosomes can enter into
the gel (Figures 5C and S5C).
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Next, we used DNA fiber assays to analyze the replication fork
speed (Figure 5D). We observed no significant difference in repli-
cation tract lengths between wild-type and rad57m cells 30 min
after G1 release under unperturbed condition. Replication tract
lengths in both strains decreased to a similar extent 30 min after
release into MMS compared with the unperturbed conditions.
However, although wild-type cells significantly increased repli-
cation tract lengths 60 min after G1 release into MMS, rad51m
mutant cells were unable to accelerate DNA synthesis at the
same time point (Figure 5D, left graph). Interestingly, we
observed clusters of smaller replication tracts after 30 min in
MMS, leading to a decrease in inter-origin distances (Figure 5D,
right graph). This is probably due to firing of dormant origins
upon replication stress, which has been described in mammalian
cells (Ge et al., 2007). Although inter-origin distances remained
unchanged in wild-type cells from 30 to 60 min after release
into MMS, this parameter was further significantly reduced in
the rad51m mutant (Figure 5D, right graph). These data suggest
that the rad57m mutant is partially defective in supporting repli-
cation fork progression through MMS-damaged template but
compensates for that defect by firing an increasing number
of dormant origins. This might explain why the replication
defect of rad57m is aggravated in the absence of Cdc7 activity
(Figure 5B).

To demonstrate that the replication defects of the rad5Tm
mutant were associated with its inability to interact with MCM,

120

we forced the MCM/Rad51 interaction
in the rad51m mutant by co-expressing
Mcm4 and Rad51m tagged with GFP
and GBP (GFP-binding protein), respectively. Tagging Rad51
with GBP caused strong MMS sensitivity (Figure 5E), suggesting
a loss of functionality in recombinational repair, as previously re-
ported for Rad51-GFP (Waterman et al., 2019). Rad51m-GBP
cells progressed more slowly than did Mcm4-GFP and wild-
type cells in the presence of MMS (Figure 5F). Importantly, co-
expression of Rad51m-GBP and Mcm4-GFP partially restored
the speed of DNA replication (Figure 5F, left). Likewise, cells
co-expressing Rad51m-GBP and Mcm4-GFP reached G2/M
earlier than cells expressing only Rad51m-GBP did after
resuming replication after MMS treatment (Figure 5F, right), sug-
gesting that the interaction between MCM and Rad51 facilitates
DNA replication in the presence of blocking DNA lesions.

DNA fiber analyses showed that the Mcm4-GFP chimera
partially restores the Rad51m-GBP defect in replication
through damaged DNA by accelerating the elongation rate as
inferred from the increase in the replication tract length from
30 to 60 min (Figure 5G, left graph). This increase in fork pro-
gression was concomitant with a suppression in the firing of
additional replication origins (Figure 5G, right graph). Of note,
the Mcm4-GFP chimera partially restored the replication de-
fects of the rad51m-GBP mutant but suppressed neither the
MMS sensitivity nor the HR defect (Figures 5E and S5D), sug-
gesting that the MCM/Rad51 complex does not require the
recombinational function of Rad51 to promote replication fork
progression.
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Figure 5. The interaction between MCM and Rad51 facilitates for DNA replication in the presence of MMS

(A and B) Cell-cycle progression of the indicated strains synchronized in G1 and released in the presence of 0.025% MMS for different times (A) or released into
0.025% MMS for 1 h and then into fresh medium after MMS inactivation (B). In (B), cells were treated with 15 uM 1NMPP1 for 30 min after G1 release and every 2 h
to keep Cdc7 inactive. a-Factor was also added every 2 h to prevent cells from entering a new cycle.

(C) Cell-cycle progression determined by PFGE analysis of the indicated strains synchronized in G1, released into 0.025% MMS for 1 h, and then, into fresh
medium after MMS inactivation. Quantified chromosomes are shown with arrows. The plot shows the mean signal relative to G1, taken as 100.

(D) Replication tract length (left) and inter-origin distance (right) in rad57m and wild-type cells growing under unperturbed and MMS conditions, as determined by
DNA fiber analysis. G1-synchronized cells were incubated with BrdU for 15 min, washed twice, and released into the S phase in the presence of BrdU with or
without 0.025% MMS. Bars represent the median and the 25th and 75th percentiles. Statistically significant differences according to Mann-Whitney tests are

(legend continued on next page)
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The rad51m mutant is proficient in HR but partially
defective in the repair of MMS-induced ssDNA gaps at
Rad52-associated DNA repair centers

To determine whether the MCM/Rad51 interaction was relevant
for MMS-induced DNA damage repair, we followed the resolu-
tion of MMS-induced Rad52 foci, which can be detected at the
end of the S and G2 phases (Gonzalez-Prieto et al., 2013). For
that, G1-synchronized cells were released into the S phase in
the presence of 0.033% MMS for 1 h and, then, into fresh me-
dium after MMS inactivation to allow for DNA damage repair.
About 50% of the rad57m and wild-type cells accumulated
Rad52 foci 1-2 h after MMS inactivation (Figure S6A). Impor-
tantly, although the percentage of wild-type cells with Rad52
foci dropped to ~5% 4-5 h later (85% resolution), it only dropped
to 25% in rad51m cells (45% resolution) (Figures 6A, left panel,
and S6A). A similar defect was observed when we calculated
the fluorescence signal at foci per cell, which integrates the
percentage of cells that retain foci as well as the number and in-
tensity of the foci (Figures 6A, right panel, and S6B). This result
suggests that ssDNA lesions are not efficiently repaired in the
rad51m mutant. To further confirm that, we followed the kinetics
of replication protein A (RPA) foci formation and resolution. The
RPA complex (formed by the Rfa1-3 subunits) covers ssDNA le-
sions, regardless of the mechanism of repair. The efficiency of
ssDNA gap filling, inferred from both the percentage of cells
with foci and the RPA signal per cell at the end of the time course
relative to the peak during the time course, was severely
compromised in the rad57m mutant (Figures 6B, S6C, and
S6D); indeed, RPA foci resolution was affected even at a dose
of 0.01% MMS (Figure S6E), which had no effect on rad51m
viability (Figure S6F). The defect in RPA foci resolution was
greater than the one observed with Rad52 foci, likely because
of detection levels, as suggested by the fact that the peak of cells
with RPA foci was approximately twice that of the peak of Rad52
foci (compare Figures 6A and 6C, left panels).

To determine whether the defect in DNA repair of the rad51m
mutant was specific for MMS, we followed the formation and
resolution of RPA foci in cells irradiated in G1 with 35 Gy and
released into the S phase for different times (Figures 6C, S6G,
and S6H). Although the repair was slower in the rad57m mutant
than it was in the wild-type cells at the beginning of the kinetics
(Figures 6C and SEH, right panels; compare the RPA signal at 2
h), the efficiency of gap repair was similar in both strains, as
determined by the percentage of cells with foci and the signal in-
tensity at the end of the kinetics (Figure 6C, left and right panels,
respectively). Therefore, the rad57m mutant was defective in the
repair of MMS-induced ssDNA gaps but not of IR-induced DSBs,
even though the lethality induced with 35 Gy was greater than
that induced with 0.033% MMS (Figure 6D). Notably, this defect
in ssDNA gap filling was not associated with a significant loss of
viability (Figure S6F).
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To determine what molecular step was compromised in the
rad51m mutant, we first tested the interaction of Rad51 with
Rad52. The amount of Rad52 bound to Rad51 was strongly
increased in the mutant as compared with that of the wild-type
cells (Figure 6E), further supporting the dynamism of the MCM/
Rad51/Rad52 interactions. Next, we analyzed Rad51 binding
to MMS-damaged DNA by chromatin-endogenous cleavage
(ChEC). In this approach, cells expressing a chimera of Rad51
fused to MNase | (Rad51-MN) are permeabilized with digitonin
and treated with Ca?* ions for different time points to activate
the nuclease; then, total DNA is analyzed by agarose gel electro-
phoresis. The rationale behind this approach is that the chimera
will generate a detectable cut only if it is targeted to an uncut
DNA fragment (Gonzalez-Prieto et al., 2013, 2021). Although
the binding of Rad51 to the insoluble fraction is independent of
Rad52 (Figure 3C), Rad52 is essential for MMS-induced DNA
cleavage by Rad51-MN (Gonzalez-Prieto et al., 2013).
Rad51m-MN and Rad51-MN displayed similar DNA digestion
profiles (Figure 6F), suggesting that the interaction with MCM
is not required for Rad51 binding to ssDNA lesions. Similar
conclusions were obtained by analyzing Rad51 binding to
HU-stalled replication forks in rad57m and wild-type cells by
ChlIP (Figure S6l).

The repair of MMS-induced DNA lesions by HR is associated
with the formation of SCJs, which can be detected as X-shaped
structures by two-dimensional (2D) electrophoresis in sgs14
cells that are defective in their dissolution (Liberi et al., 2005).
The sgs14 and sgs14 rad51m cells displayed similar kinetics
of X-shaped molecule accumulation (Figure 6G), indicating that
the interaction with MCM is not required for the DNA strand-ex-
change activity of Rad51.

Finally, we measured HR using an unequal sister chromatid
exchange (USCE) system (Fasullo and Davis, 1987). For that,
exponentially growing cells were treated either with MMS for
4 h or with IR, and the frequency of recombinants was deter-
mined before and after DNA damage. The rad57m mutant was
not significantly affected in HR in response to MMS or IR (Fig-
ure 6H). Therefore, the interaction of Rad51 with MCM is not
required for the recombinational repair of ssDNA lesions and
DSBs. Altogether, these results indicate that the rad57m mutant
is impaired in a non-recombinogenic mechanism of ssDNA gap
filling.

We could not use the Mcm4-GFP/Rad51m-GBP system to
demonstrate that the rad57m defect in DNA repair is associated
with the disruption of the MCM/Rad51 interaction because
the Rad51m-GBP chimera is defective in HR. Because the
rad51m allele contains five amino acid substitutions (Fig-
ure S7A), we decided to determine which one is responsible
for disrupting the MCM/Rad>51 interaction. The rad57-C159R
mutant displayed a similar defect in MCM binding as the
rad51m mutant had (Figure S7B). In comparison with rad51m,

shown; **p <0.01, **p < 0.001, ****p < 0.0001. Cell cycle profiles and representative images of DNA fibers stained with antibodies against BrdU (green) and single-

stranded DNA (blue) from wild-type cells 30 min after G1 release are shown.
(E) MMS sensitivity of the indicated strains.

(F) Cell-cycle progression in the presence (left) and after treatment for 1 h with 0.025% MMS (right) of cells expressing Mcm4-GFP, Rad51m-GBP, or both.
(G) Replication tract length (left) and inter-origin distance (right) in MCM4-GFP, rad51m-GBP, and MCM4-GFP rad51m-GBP cells growing in the presence of
0.025% MMS as indicated in (D). The experiments were repeated twice with similar results.
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Figure 6. The rad57m mutant is proficient in HR but partially defective in the repair of MMS-induced ssDNA gaps at Rad52-associated DNA
repair centers

(A—-C) DNA repair efficiency of rad57m and wild-type cells, as determined by analyzing the formation and resolution of MMS-induced Rad52-YFP (A), MMS-
induced Rfa1-YFP (B), and IR-induced Rfa1-YFP (C) foci. In (A) and (B), G1-synchronized cells were released into the S phase in the presence of 0.033% MMS for
1 h and then into fresh medium after MMS inactivation. In (C), cells were synchronized in G1, irradiated with 35 Gy, and released into the S phase. Complete
kinetics are shown in Figures S6A, S6C, and S6G. The percentage of cells with foci (left panels) and the fluorescent signal at foci per cell (right panels) at 1/2 (peak)
and 7/9 hours from the time course was determined with MetaMorph software. The efficiency of ssDNA gap repair was calculated as (100 — percentage of cells
with foci at the end of the time course x 100)/maximal percentage of cells with foci during the time course. Color dots represent independent experiments.
(D) Cell viability of strains treated with either 0.033% MMS for 1 h or 35 Gy as determined by the number of colony-forming cells before and after DNA damage.

(legend continued on next page)
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the rad57-C159R mutant was less sensitive to MMS (Figure S7C),
which might explain the mild sensitivity of the rad57m mutant to
acute doses of both MMS and IR (Figure S6F). However, and
importantly, both mutants displayed similar defects in the repair
of MMS-induced Rad52 foci (Figures S7D). Therefore, the
disruption of the MCM/Rad51 interaction is genetically linked
to a point mutation that causes a non-recombinogenic defect
in MMS-induced DNA damage repair.

DISCUSSION

Here, we have studied the regulation and biological meaning of
the physical interactions between the helicase MCM and the
recombination factors Rad51 and Rad52 in S. cerevisiae. We
observed that Rad51 and Rad52 display dynamic interactions
with MCM complexes located outside of the replication origins
and forks in a nuclease-insoluble scaffold in which Rad51 accu-
mulates in a MCM- and DNA-binding-independent manner.
These interactions are detected in G1 and are lost in S/G2, un-
less DNA replication occurs in the presence of replicative DNA
lesions; in this case, Cdc7 maintains the integrity of the MCM/
Rad51/Rad52 complex by preventing the release of Rad51/
Rad52 from the scaffold. Functionally, the MCM/Rad51 interac-
tion facilitates the fork advance and ssDNA repair through non-
recombinogenic activities.

Cell cycle, DNA damage, and Cdc7 regulate the physical
interactions between Rad51/Rad52 and MCM in a
nuclease-insoluble scaffold

MCM, but not Rad51, was detected at replication origins in G1,
whereas both factors accumulated at the forks (Figure 2C). This
indicates that the MCM/Rad51 association is prevented at the
pre-RC and that Rad51 binds to the fork once replication is initi-
ated. The interaction of MCM with Rad51 and Rad52 was rarely
detected in an unperturbed S phase (Figure 1F), suggesting
that it is also prevented at the replication forks. Indeed,
Rad51 requires Rad52 to bind to the fork (Gonzalez-Prieto
et al., 2013) but not to MCM (Figures 1A). This raises a question
about the location and molecular nature of these interactions.
Our fractionation analysis showed that Rad51 and MCM accu-
mulate and interact with each other in a nuclease-insoluble
fraction (Figures 2A and 2B). In principle, this fraction might
be nuclease-insoluble chromatin. However, Rad51 requires
neither its DNA binding activity nor MCM to accumulate in
that fraction or to interact with MCM (Figures 2D, 2F, 4C, and
4D), indicating that Rad51 does not associate directly with
DNA. In contrast to Rad51, the amount of MCM is strongly
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reduced in the insoluble fraction if its loading onto DNA is
impaired by repressing Cdc6 expression (Figure 2D). This sug-
gests that MCM binds to nuclease-insoluble chromatin, where
it interacts with Rad51. These data point to a model in which
Rad51 and Rad52 interact with DNA-bound MCM in a nucleo-
protein scaffold (Figure 7). These interactions would be highly
dynamic considering their enrichment in the absence of some
of the interacting partners: Rad51 with both MCM and the scaf-
fold in rad524 (Figures 1A and 3C) and rad57-K191R mutants
(Figures 2E and 2F), and Rad51 with Rad52 in the rad51m
mutant (Figure 6E).

MCM helicases are assembled at every cell cycle during
mitosis using newly synthesized subunits (Braun and Breeden,
2007), loaded onto replication origins at the end of mitosis and
G1 (Aparicio et al., 1997; Donovan et al., 1997; Liang and Still-
man, 1997; Tanaka et al., 1997), and prevented from binding to
chromatin during the rest of the cell cycle (Nguyen et al.,
2001). Because we did not detect Rad51 at the replication ori-
gins, the association between Rad51 and MCM may involve an
excess of helicases that are loaded in G1 at replication origins
and spread to the surrounding chromatin. However, genome-
wide analyses have shown that MCM is concentrated at replica-
tion origins (Das et al., 2015; Wyrick et al., 2001), suggesting that
this MCM/Rad51/nucleoprotein scaffold may not be associated
with specific DNA positions and/or is not detected by those
genomic approaches as a consequence of their insolubility.
Alternatively, MCM might accumulate and interact with Rad51
and Rad52 outside of the chromatin fiber, considering that
~30% of Mcm4 remains in the insoluble fraction after repressing
Cdc6. Future biochemical and genomic analyses will be required
to address this point.

Remarkably, this nuclease-insoluble fraction is characterized
by the presence of Top2, Rad53, Sgs1, the ORC, and the
Cdc7-regulator Dbf4 (Frei and Gasser, 2000; Pasero et al.,
1999), which are involved in replication fork stability under repli-
cation stress (Branzei and Foiani, 2010). In mammalian cells,
replication origins and components of the pre-RC, including
MCM, are associated during G1 and early S phases with the nu-
clear scaffold, defined as a salt-resistant or nuclease-insoluble
nuclear fraction (Hesketh et al., 2015; Wilson and Coverley,
2013). According to those data, the DNA would be spooled
through static replication machinery, and the newly synthesized
DNA would be extruded as two loops (Wilson and Coverley,
2013). In a hypothetical similar frame, the yeast MCM/Rad51/
Rad52 complexes would remain located near the forks during
replication for assistance under conditions of replicative stress
(Figure 7).

(E) The amount of Rad51 that interacts with Rad52 augments in the rad57m mutant. ColP was performed in asynchronous cultures treated with 0.025% MMS for
2 h. The experiments were repeated twice with similar results.

(F) The Rad51m mutant protein is proficient in binding to replicative ssDNA lesions, as determined by ChEC analysis of exponentially growing cells incubated with
0.05% MMS for 2 h. Total DNA from cells permeabilized and treated with Ca* for different times is shown, as well as the DNA content and DNA digestion profiles.
The experiments were repeated twice with similar results.

(G) The Rad51m mutant protein is proficient in the SCJ formation, as determined by 2D gel analysis of X-shaped molecules in cells synchronized in G1 and
released in the presence of 0.033% MMS. The amount of X-shaped molecules (spike), relative to the total amount of molecules, with the highest value set at 100,
is shown. The experiments were repeated twice with similar results.

(H) uSCE frequency in rad57m and wild-type cells upon exposure to increasing doses of MMS for 4 h (left) and IR (right).

The means + SEM of three independent experiments are shown. *p < 0.05, **p < 0.01, **p < 0.001; unpaired two-tailed Student’s t test (A-D and H).
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Figure 7. The interaction of MCM with
Rad51 facilitates replication fork advance
and ssDNA gap repair in the presence of
MMS

Rad51 and Rad52 interact physically and
dynamically with MCM in a nuclease-insoluble
scaffold where Rad51 accumulates in a MCM-
and DNA-binding-independent manner. Rad51/
Rad52-interacting MCM helicases are loaded onto
DNA in G1 and spread out of replication origins,

o &8 although we cannot formally rule out that the in-
°

teractions involve MCM molecules located

ll— Cdc7/Dbf4 outside of the DNA. MCM, Rad51, and Rad52
accumulate in G1 and are released during unper-

° hd turbed replication. In the presence of replication-
P blocking lesions, MCM remains and Rad51/Rad52

augments through the recruitment of additional
molecules and the kinase activity of Cdc7, which

prevents Rad51/Rad52 (and partially, MCM) from releasing the scaffold. These physical interactions help stressed replication forks by facilitating their advance
and the filling of ssDNA gaps by non-HR mechanisms, which might include TLS (dashed arrows).

The interactions of Rad51 with both MCM and the nuclease-
insoluble fraction during replicative DNA damage require Cdc7
activity (Figures 1E and 3D), suggesting that they are mecha-
nistically linked. In this regard, the fact that the Rad51m
mutant binds to the insoluble fraction (Figures 4C and 4D)
demonstrates that the integrity of the MCM/Rad51 complex
is not required for the binding of Rad51 to that scaffold.
Rather, it suggests that the binding of Rad51 to that scaffold
is a pre-requisite for its interaction with MCM and that the
Cdc7 activity helps to maintain Rad51 and Rad52 in that scaf-
fold under replicative stress. How Cdc7 performs that task is
currently unknown, but the fact that Rad51 and Rad52 fall
off the insoluble fraction after inactivating Cdc7 in cells that
have already triggered early origins and progressed through
the S phase (Figures 3D and S3C) suggests that it is not asso-
ciated with its replication-initiation function. The Cdc7 require-
ment to maintain Rad51 in the insoluble fraction was observed
even in the rad57m mutant (Figure 4E), indicating that the
mechanism by which Cdc7 facilitates Rad51 binding to this
nuclear fraction is independent of the MCM/Rad51 interaction.
However, the requirement of Cdc7 activity for Rad51 binding
to the insoluble fraction was bypassed by a mutation in a
MCM complex subunit (mcm5-bob1) (Figure 3E). This sug-
gests that Cdc7 performs this task by acting upon MCM, likely
by generating a structural context that facilitates Rad51 bind-
ing; actually, this function might not be specific for Rad51 and
Rad52, as suggested by the requirement of Cdc7 to maintain
the replisome-associated factor Tof1 in the insoluble fraction
and the bypass of this requirement by the mcm5-bob1 muta-
tion (Bastia et al., 2016). The mcm5-bob1 mutation causes a
conformational change in the MCM helicase, which rescues
the lethality associated with the lack of Cdc7 (Hoang et al.,
2007). Mcm2 phosphorylation by Cdc7 weakens its interaction
with Mcmb, suggesting a potential mechanism for helicase
opening and ssDNA extrusion during replication initiation
that would be mimicked by the Mcm5-bob1 protein (Bruck
and Kaplan, 2015). However, it is unlikely that Cdc7 facilitates
Rad51 binding to the insoluble fraction by generating a local
accumulation of ssDNA because the DNA binding activity of
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Rad51 is dispensable for its binding to this fraction. Alterna-
tively, MCM phosphorylation might facilitate the formation of
a nucleoprotein scaffold or phase-separated liquid compart-
ment as those reported recently at DSB repair centers (Kilic
et al., 2019; Miné-Hattab et al., 2021)

Functional role of the MCM/Rad51 interaction in
replication fork advance and ssDNA repair

A remarkable finding of this work is the cell-cycle kinetics of
Rad51 and Rad52 binding to the nuclear scaffold: they accumu-
late in G1 and are released during the S phase, even though HR is
inactive in G1 and active in the S phase (Heyer et al., 2010). This
kinetics parallels that of the helicase MCM (Aparicio et al., 1997;
Liang and Stillman, 1997; Tanaka et al., 1997); indeed, MCM,
Rad51, and Rad52 also display similar patterns of binding to
this scaffold in the presence of MMS, remaining bound to
damaged DNA (Figures 3A, 3B, and S3A). As previously dis-
cussed, this kinetics of binding might facilitate physical interac-
tions between Rad51 and Rad52 with MCM helicases located
outside of pre-RCs and forks. This population of helicases vastly
outnumbers the number of replication origins (Donovan et al.,
1997), raising a question about their functionality that has been
partially resolved by their role in activating dormant origins under
replicative stress (Ge et al., 2007; Ibarra et al., 2008; Maki et al.,
2011). We have ruled out a role for the MCM/Rad51 interaction in
the activation of dormant origins, which actually are triggered in
the rad57m mutant. We propose that Rad51 and Rad52 aggre-
gate, together with excess MCM helicases (and likely additional
factors), at specific nucleoprotein scaffolds in G1 for replication
assistance. These aggregates would be removed during the S
phase under unperturbed conditions, likely to avoid the toxicity
of Rad52/Rad51/MCM-DNA interactions (Shah et al., 2010). In
response to replicative DNA damage, Cdc7 would maintain
those physical interactions to assist stressed replication forks
by facilitating their advance and the repair of the stretches of
ssDNA generated during lesion bypass (Figure 7). In this frame,
the specific requirement of Cdc7 during the S phase would be
a response to DNA damage to maintain the interactions and
assist stressed forks.
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How the MCM/Rad51 interaction promotes replicative and
repair functions and whether they are mechanistically related
is unknown. They seem to occur through non-recombinogenic
mechanisms, which points to TLS. This might explain the mild
sensitivity to MMS of both rad57m and, more specifically,
rad51-C159R. One possibility is that these physical interactions
provide a platform for the landing of replication and repair fac-
tors at the proximity of stressed forks. Recently, we showed
that Rad51 and Rad52 have a non-recombinogenic role in
TLS by facilitating the recruitment of the Rad6/Rad18 complex
to chromatin (Cano-Linares et al., 2021). Proliferating cell
nuclear antigen (PCNA) ubiquitylation by Rad6/Rad18 is
necessary for the recruitment of TLS polymerases (Bienko
et al., 2005) and facilitates replication fork advance in the pres-
ence of a damaged template (Ortiz-Bazan et al., 2014). In this
frame, the MCM/Rad51 interaction might speed up DNA syn-
thesis in the presence of blocking lesions by promoting TLS
at the fork. Whether the MCM/Rad51 interaction promotes the
recruitment of these and/or additional repair/replication factors
or operates through different mechanisms will require further
studies.

In sum, a DDT mechanism has evolved in yeast cells that re-
lies on the accumulation of MCM/Rad51/Rad52 complexes in
a nucleoprotein scaffold before replication firing to facilitate
the assistance to stressed replication forks. Physical interac-
tions of MCM with Rad51 and Rad52 are also detected in
mammalian cells (Bailis et al., 2008; Shukla et al., 2005).
Therefore, they seem to have a conserved role whose study
may help provide an understanding about how cells deal
with replicative stress.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse monoclonal anti GFP Clontech Cat# 632381
Rabbit polyclonal anti-Rad51 Santa Cruz Cat# sc-33626

Rabbit polyclonal anti-Rad51

Abcam ( = Antibodies.com)

Cat# abB3798 ( = A284)

Rat monoclonal anti-HA Roche Cat# 11867423001 (3F10)
Mouse monoclonal anti-HA Roche Cat# 11666606001 (12CA5)
Goat polyclonal anti-Mcm?7 Santa Cruz Cat# sc-6688

Mouse monoclonal anti-Mcm4 Santa Cruz Cat# sc-166036

Rabbit polyclonal anti-Rad52 (Mortensen et al., 1996) N/A

Mouse monoclonal anti-Pgk1 Invitrogen Cat# 22C5D8

Rabbit polyclonal anti-H4 Abcam Cat# ab10158

Rat monoclonal anti-BrdU Abcam Cat# ab6326

Mouse monoclonal anti-single stranded DNA Sigma-Aldrich Cat# MAB3034

Goat anti-rat Cy5 Abcam Cat# ab6565

Goat anti-mouse Cy3 Abcam Cat# ab6946
Chemicals, peptides, and recombinant proteins

Methyl-methanesulfonate (MMS) Merck Cat# 129925-256
Hydroxyurea (HU) Material Blanco de Laboratorio, S.L. Cat# H9120

a-factor ABBCN S.L. N/A

a-factor Proteogenix SAS Cat# GM-PT301350-95
Pronase Merck Cat# 10165921001
Nocodazole Merck Cat# M1404-50MG
PP1 Analog Il (INMPP1) Merck Cat# 529581-1

PP1 Analog Il (1INMPP1) Santa Cruz Cat# sc-203214
MNase | Merck Cat# N3755-200UN
benzonase Merck Cat# 70746-4
5-Bromo-2’-deoxyuridine (BrdU) Sigma Cat# B5002

Agarose, NuSieve GTG Agarose Lonza Cat# 50081

(low-melting temp)
A phosphatase

New England Biolabs

Cat# PO753S

Critical commercial assays

GFP trap magnetic beads Chromotek Cat# gtma-100
dynabeads protein G Invitrogen Cat# 10004D
QuickChange XL Site-directed Mutagenesis Kit Agilent Cat# 200517
Experimental models: Organisms/strains
S. cerevisiae: Strain background: W303 ATCC ATTC: 208353
Other yeast strains: Table S1 This study N/A
Oligonucleotides
See Table S2 This study N/A
Recombinant DNA
pRS551-L120A,V181A A gift from Nancy M. Hollingsworth, N/A

Stony Brook University
pRS51s A gift from Andrés Aguilera, Seville N/A

University

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pRSRAD51g This study N/A
pRS313-51.54 This study N/A
pRS306-r51.54 This study N/A
p313r51-C159R This study N/A
pWJ1213 (Alvaro et al., 2006) N/A
pWJ1344 (Alvaro et al., 2006) N/A
pFA6a-MN-HIS3MX6 (Schmid et al., 2004) N/A
pKT209 (Sheff and Thorn, 2004) N/A
pFABA-3HA- HIS3MX6 (Longtine et al., 1998) N/A
pFA6a-GBP-KanMX4 (pHA29) (Bertazzi et al., 2011; N/A

Rothbauer et al., 2006, 2008)

Software and algorithms

Image Lab™ Biorad http://www.bio-rad.com/es-es/product/image-
lab-software?|D=KRE6P5E8Z
ImageGauge Fuijifilm https://www.bioz.com/result/

sciencelab98imagegaugesoftware/
product/FUJIFILM

ImagedJ Fiji https://imagej.net/software/fiji/

Prism GraphPad https://www.graphpad.com/scientific-
software/prism/

Scatter SuperPlots (Lord et al., 2020) N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Félix Prado
(felix.prado@cabimer.es)

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains used in this study are listed in Table S1. Tagged and deletion strains were constructed by a PCR-based strategy (Long-
tine et al., 1998). The uSCE system was backcrossed five times into the W303 background (Cano-Linares et al., 2021). The integrative
plasmids pRS551-L120A,V181A (a gift from N. Hollingsworth) and pRS306-r51.54 (see Method details) were used to replace CDC7
and RAD51 with cdc7-as3 (W303cdc7as3-2) and rad51m (w303.51.54-7), respectively. Briefly, a wild-type strain was transformed
with either pRS551-L120A,V181A or pRS306-r51.54 (cut with EcoRlI) and grown first in medium without uracil to select the integration
event (that duplicates the gene) and then in medium with 5-fluoroorotic acid to select strains that had lost one of the two copies and
the intervening sequence. cdc7-as3 and rad51m strains were selected by TNMPP1-dependent cell growth inhibition and MMS sensi-
tivity, respectively, and confirmed by DNA sequencing.

METHOD DETAILS
Plasmids

pWJ1213 and pWJ1344 are a centromeric plasmid expressing RAD52-YFP (Alvaro et al., 2006). pFA6a-MN-HIS3MX6 (Schmid
et al., 2004), pKT209 (Sheff and Thorn, 2004), pFABA-3HA- HIS3MX6 (Longtine et al., 1998) and pHA29 (pFA6a-GBP-KanMX4)
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(Bertazzi et al., 2011; Rothbauer et al., 2006, 2008) are plasmids for protein tagging with MNasel, eGFP, HA and GBP, respectively.
pRS551-L120A,V181A (a gift from N. Hollingsworth) is an integrative plasmid to replace CDC7 with cdc7-as3. pPRSRAD51g and
pRS51s are centromeric plasmids expressing RAD517 and either URA3 or HIS3, respectively. pPRSRAD51g was constructed by insert-
ing a 2.4 kb PCR fragment containing the RAD51 allele at the BamHI-HindlIl site of pRS316 (Sikorski and Hieter, 1989). pRSR51s (A.
Aguilera’s lab) was constructed by inserting the genomic EcoRV-BamHI fragment containing the RAD51 allele at the EcoRV-BamHI
site of pRS313 (Sikorski and Hieter, 1989). pRS313-51.54 is identical to pRSR51s but it contains the rad57m allele (see Search for
rad51 mutants). pRS306-r51.54 is an integrative plasmid containing the rad57m allele. It was constructed by inserting the BamHI-
Hindlll fragment from pRS313-r51.54 (containing rad57m) at the BamHI-Hindlll site of pRS306 (Sikorski and Hieter, 1989). The
p313r51-C159R plasmid was generated by directed mutagenesis of the RAD571 gene in the pRSR51s plasmid with the QuickChange
XL Site-Directed Mutagenesis Kit (200517; Agilent).

Growth conditions

Yeast cells were grown at 30°C in supplemented minimal medium (SMM), except for experiments that required synchronization in
metaphase, which were performed in YPAD rich medium with 15 ug/ml nocodazole for 1 h. For G1 synchronization, cells were grown
to mid-log phase and a-factor was added twice at 60 min intervals at either 2 (BAR1 strains) or 0.25 pg/ml (bar1 4 strains). Then, cells
were washed three times and released into fresh medium with 50 pg/ml pronase (to remove a-factor) in the absence or presence of
MMS at the indicated concentrations. To eliminate the MMS before releasing cells into fresh medium, samples were treated with
2.5% sodium thiosulfate to inactivate it and then washed three times. For Cdc6 depletion, GAL::CDC6 cells were synchronized in
G1 with a-factor, released into fresh medium with 1% DMSO and 15 pg/ml nocodazole for 90 min to arrest in metaphase, incubated
with 2% glucose and fresh nocodazole for 1 h, and released with 2% glucose and «-factor for 2.5 h.

Search for rad51 mutants

An in vivo library enriched in rad51 mutants was constructed by co-transforming a rad57 4 strain containing pRSRAD51g (centro-
meric plasmid expressing the RAD51 and URA3 genes) with 1) the plasmid pRS51s (centromeric plasmid expressing the RAD51
and HIS3 genes) linearized at the RAD571 ORF with EcoRI and 2) a mutagenic PCR product of RAD57 (McCullum et al., 2010). Cells
were plated onto SMM - His to select transformants that recircularized pRS51s. Recircularization by HR with either the PCR product
or pPRSRAD51g was ~4 and ~20 times more efficient than recircularization by HR with just pPRSRAD51g or recircularization by NHEJ
(estimated in a rad514 strain containing pRS316 instead of pPRSRAD51g). Next, transformants were replica-plated onto SMM me-
dium containing 5'-fluoroorotic acid to select for cells that had lost pPRSRAD51g. This strategy restricts the expression of RAD51
to the in vivo cloning and allows the screening of rad51 mutants. To search for mutants sensitive to MMS and resistance to IR, cells
were either grown onto SMM medium at different MMS concentrations or plated onto SMM medium, irradiated at different doses and
then grown under unperturbed conditions. Plasmids from positive clones were isolated; the phenotype was confirmed with new
rad514 transformants and the mutations determined by DNA sequencing of the plasmids.

DNA damage sensitivity and cell viability

MMS sensitivity was determined by spotting ten-fold serial dilutions of the same number of mid-log growing cells onto medium with
or without the drug (chronic damage). For IR sensitivity spotted cells were irradiated and then grown under unperturbed conditions
(acute damage). Cell viability was determined from exponentially growing cultures treated either with MMS or IR as the frequency of
cells able to form colonies after DNA damage relative to untreated cells, taken as 100.

Genetic recombination

HR was determined by measuring the frequency of His+ recombinants generated by uSCE in a chromosomal-integrated system
(Fasullo and Davis, 1987). Recombination frequencies were determined by fluctuation tests as previously reported (Prado and
Aguilera, 1995) but from liquid cultures. Briefly, six independent cell cultures (started with a colony) were grown to the same
mid-log phase and then treated with different concentrations of MMS for 4 hours or irradiated with IR at different doses. Cells
form untreated and treated cultures were plated with the appropriate dilutions onto SMM without histidine and SMM to calculate
recombinants and total viable cells (as colony-forming units), respectively. The frequency of HR was calculated using the median
of recombinants and the mean of total cells. To have a more accurate value, the mean and SEM of at least 3 independent fluctu-
ation tests are given.

DNA repair foci analysis

The percentage of cells with Rad52 or RPA foci was determined as described previously (Lisby et al., 2001). Cells expressing Rfa1-
YFP or transformed with plasmid pWJ1344 or pWJ1213 (expressing Rad52-YFP) were grown in liquid culture under the indicated
conditions, fixed with 2.5% formaldehyde in 0.1M potassium phosphate pH 6.4 for 10 minutes, washed twice with 0.1M potassium
phosphate pH 6.6 and resuspended in 0.1M potassium phosphate pH 7.4. Finally, cells were fixed with 80% ethanol for 10 minutes,
resuspended in H,O or DAPI and visualized with a Leica CTR6000 fluorescence microscope. The percentage of cells with foci was
counted directly on the processed samples under the microscope or on acquired images. In this case, six contrast and fluorescence
images along the z axis (0.49 um length each) were acquired with a CCD camera (Leica DFC350 FX) to find well-defined foci. Images
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were processed and analyzed with the MetaMorph software (Molecular devices). A total number of approximately 100 cells were
analyzed for each time point and experiment.

Flow cytometry and budding analyses

DNA content analysis was performed by flow cytometry as reported previously (Prado and Aguilera, 2005). Cells were fixed with 70%
ethanol, washed with phosphate-buffered saline (PBS), incubated with 1 mg of RNaseA/ ml PBS, and stained with 5 ug/ml propidium
iodide. Samples were sonicated to separate single cells and analyzed in a FACSCalibur flow cytometer. The percentage of budded
cells was determined by counting 100 cells for each time point and experiment.

Pulse field gel electrophoresis (PFGE)

Replicating and complete chromosomes were resolved by PFGE (Biorad; 1200 field angle; 6 V/cm; 140GC; initial block: switch time of
70 s for 16 h; final block: switch time of 120 s for 12 h). Total DNA from cultures growing at the indicated conditions was extracted in
low-melting agarose (50081; Lonza) plugs as described (Naumov et al., 1992), but the incubation with Proteinase K was performed in
buffer L (10 mM TrisHCI pH 8.0, 100 mM EDTA pH 8.0, 20 mM NaCl, SDS1%) at 30°C for 24 h to avoid heat-induced breakage of
methylated DNA during sample preparation (Lundin et al., 2005). Gels were stained with ethidium bromide, and the signals were ac-
quired in a Fuji FLA5100 and quantified with the ImageGauge software (Fuijifilm).

DNA fiber assay

G1-synchronized cells were incubated with 0.4 mg/ml BrdU for 15 minutes, washed twice in water and released into fresh medium
containing 0.4 mg/ml BrdU and 50 ug/ml pronase with or without 0.025% MMS. Cells were harvested at indicated time points to
isolate genomic DNA for molecular combing. Briefly, yeast cells were spheroplasted with zymolyase to over 90% completion.
0.3 x 10° cells were embedded in low melting point agarose and incubated with 1 mg/ml Proteinase K in 125 mM EDTA pH9.5 con-
taining 1% Sarkosyl for 2 days with one change of buffer in between. Plugs were washed thoroughly in TE buffer with 100 mM NaCl
and once with 100 mM MES buffer pH6.0 and 100 mM NaCl. Plugs were melted in MES buffer with NaCl at 68 C for 15 minutes and
digested overnight with Agarase (3 units per plug) at 45°C. Agarase was inactivated at 65 C for 10 minutes and the DNA solution was
cooled down to room temperature. DNA fibers were combed on silanized coverslips (Combicoverslips, Genomic Vision) at a constant
speed of 350 pm/s using DNA combing apparatus from Genomic Vision. Slides were baked at 65°C for at least 2 hours, denatured in
0.5M NaOH 1M NaCl for 15 minutes at room temperature and washed thrice in PBS. Slides were dehydrated in 70%, 90% and 100%
EtOH and air-dried. For immunofluorescence staining, slides were blocked in BlockAid (Thermo Fisher Scientific) for 15 minutes at
37°C and incubated sequentially with 1:20 monoclonal rat anti-BrdU antibody (clone BU1/75; ab6326; Abcam), 1:50 monoclonal
mouse anti-single stranded DNA antibody (clone 16-19; MAB3034; Sigma-Aldrich), and 1:100 goat anti-rat Cy5 (ab6565; Abcam)
and goat anti-mouse Cy3 (ab6946; Abcam) secondary antibodies at 37°C for 1 hour with three PBS-T (1 x PBS with 0.1%
Tween-20) washes in between each incubation. Slides were dehydrated in 70%, 90% and 100% and air-dried before mounting
on Prolong Diamond mounting medium (Thermo Fisher Scientific). Images were obtained with the AF7000 widefield fluorescence
microscope (Leica) equipped with a 63 x (NA = 1.4) oil immersion objective, ORCA-Flash 4.0 V2 digital CMOS camera (Hamamatsu),
LED light source (SOLA, lumencor) and LAS AF software (Leica). Tile-scans were acquired with Z stacks of 4 planes with a step size of
0.2 um. Cy3 signals were obtained with the N3 filter and Cy5 signals with the Y5 filter. Lengths of BrdU-labeled replication tracts were
measured with Imaged FIJI software. Inter-origin distances were calculated by measuring the distances between the middle point of
each replication tract (replication origin) on the same fiber.

2D-gel electrophoresis

Replication intermediates were analyzed by 2D-gel electrophoresis from cells arrested with sodium azide (0.1% final concentration)
and cooled down on ice as reported (Clemente-Ruiz and Prado, 2009). Briefly, total DNA was isolated with the G2/CTAB protocol,
digested with EcoRV and Hindlll, resolved by neutral/neutral two-dimensional gel electrophoresis, blotted to Hybond™-XL mem-
branes, and analyzed by hybridization with an ARS305 proximal 3?P-labeled probe (probe A). All signals were acquired in a Fuii
FLA5100 and quantified with the ImageGauge software (Fuijifilm).

In vivo ChEC analyses

Chromatin endogenous cleavage (ChEC) of Rad51-MN and Rad51m-MN cells was performed as reported (Gonzalez-Prieto
et al.,, 2013, 2021) from cultures grown in the presence or absence of MMS 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 1 x agarose gels. Gels were scanned in a Fuji FLA5100, and the signal profile
quantified using the ImageGauge software (Fujifilm). The area of the DNA digestion profiles was equalized to eliminate DNA loading
differences.

Chromatin immunoprecipitation analysis

Chromatin immunoprecipitation (ChIP) assays were performed as described (Hecht and Grunstein, 1999). Each sample was
processed, split and incubated with antibodies either against GFP (632381, Clontech) or Rad51 (sc-33626, Santa Cruz or
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ab63798, Abcam ( = A284, Antibodies.com). Protein enrichment at each specific region was calculated as the ratio between the
immunoprecipitated sample and the input in a MCM4-GFP RAD51 strain relative to the same ratio in a MCM4 rad51 4 strain. Oligo-
nucleotide sequences for the real-time PCR amplifications performed on purified DNA before (input) or after (immunoprecipitated)
incubation with the antibodies are shown in Table S2.

Fractionation analyses

Fractionation was performed as described for chromatin fractionation in young yeast cells (Feser et al., 2010) with some modifica-
tions. Samples (15-30 ml) from mid-log phase cultures were collected by centrifugation, washed with cold 0.1mM Tris pH 9.4, 10mM
DTT, and incubated for 15 min in 1 mL of the same buffer on ice. Cells were then washed with cold spheroplasting buffer (20mM
HEPES pH 7.4, 1.2mM sorbitol, Roche Complete EDTA free protease inhibitor cocktail) and incubated with 1 mL of the same buffer
with 210 pg zymoliase 20T for 1 h at 30°C. The spheroplasts were collected, washed twice with cold washing buffer (20mM Tris pH
7.4,20mM KClI, 1M sorbitol, 0.1 uM spermine, 0.25 uM spermidine, protease inhibitors), and resuspended in 1 mL lysis buffer (20mM
Tris pH 7.4, 20mM KCI, 0.4 M sorbitol, 0.1 uM spermine, 0.25 uM spermidine, 1% Triton X-100, protease inhibitors) for 5 min on ice.
An aliquot (80 pl) was removed for the total sample, and the remaining sample was centrifuged for 15 min at 13000 g at 4°C to sepa-
rate soluble (supernatant) and insoluble (pellet) fractions. Each pellet was washed with 0.5 mL cold lysis buffer and resuspended in
80 uL of water, and insoluble, soluble and total samples were mixed with SDS buffer for western blot analyses. Similar volumes were
loaded for each time point for each kinetic, and similar cell equivalents of the insoluble and soluble fractions were loaded for the frac-
tionation controls. To study nuclease-soluble and insoluble pellet fractions, the pellet generated after cell fractionation was resus-
pended in 100 pL of buffer (1mM Tris pH 7.4, 1mM MgCI2), incubated with 250 units of benzonase for 30 min at 37°C, and centrifuged
5 min at 13000 g. Similar volumes of soluble and non-soluble (resuspended in 100 pL of water) fractions were mixed with SDS buffer
and loaded for western analyses.

Coimmunoprecipitation

ColP was performed with 100-150 mL samples from mid-log phase cultures (O.D. ~0.75) that had been lysed with a Multi Beads
Shocker (Yasui Kikai) at 4°C with 1x vol glass beads in 0.5 mL NP40 lysis buffer (50mM Tris pH 7.5, 150mM NaCl, 1% NP40) with
protease inhibitors (1mM PMSF, 2mM DTT and Roche Complete EDTA free). Lysates were cleared by two consecutive centrifugation
steps for 5 min at 1000 g (4°C) and, in case of nuclease treatment, mixed with MNasel (15mM Tris, 50mM NaCl, 1.4mM CaCl,, 0.2mM
EDTA, 0.2mM EGTA pH 8.0) or benzonase buffer (50mM Tris pH 8.0, 1mM MgCl,) and either 2.5 u MNasel or 25 u benzonase and
incubated for 20 min at 37°C. Samples were then collected by centrifugation for 15 min at 13000 g (4°C) and the total amount of pro-
tein at the supernatant was quantified by a Bradford assay. An aliquot of each sample was removed for the input. For GFP-based
ColPs, GFP trap magnetic beads (gtma-100; Chromotek) were incubated overnight at 4°C with similar amount of proteins (~12-
16 mg) in NP40 lysis buffer, washed extensively with either standard (Mcm4-GFP ColPs) or modified NP40 lysis buffer (50mM Tris
pH 7.5, 500mM NaCl, 1% NP40) (Rad51-YFP ColP). For the Mcm4-HA immunoprecipitation, samples were pre-cleared with dyna-
beads protein G (10004D, Invitrogen) during 2h at 4°C, and then incubated first with 0.5 pg/ml HA antibody high affinity (3F10, Roche;
11867423001) (overnight at 4°C) and then with dynabeads protein G (2h at 4°C), washed extensively with modified NP40 lysis buffer
(50mM Tris pH 7.5, 1M NaCl, 1% NP40). Finally, samples were analyzed by western blot with the corresponding antibodies. Unless
otherwise indicated, ColP was performed with MNase I-treated lysates.

For ColP from fractionated samples, chromatin and soluble fractions were prepared as above from 200 mL mid-log
phase cultures except that spheroplasts were resuspended in 1 mL lysis buffer containing 1% NP40 instead of 1% Triton
X-100. After centrifugation, the chromatin fraction was resuspended in 1 mL of the same buffer, and aliquots from the soluble
and chromatin fractions were removed for the fractionation controls (H4 and Pgk1). The soluble and chromatin fractions were
lysed with a Multi Beads Shocker at 4°C with 1x volume glass beads and the lysates were then processed as indicated for ColP
analyses.

Western blot

Protein samples were resolved by 8% (Mcm4-GFP, Mcm4-HA, Mcm7, Rad52-YFP, Rad51 and Rad52) or 15% (Pgk1 and H4)
SDS-PAGE, and probed with antibodies against GFP (632381, Clontech), HA (Roche Refs: 11666606001 and 11867423001),
Mcm4 (sc-166036, Santa Cruz), Mcm?7 (sc-6688, Santa Cruz), Rad51 (sc-33626, Santa Cruz and ab63798, Abcam), Rad52
(Mortensen et al.,, 1996), Pgk1l (22C5D8, Invitrogen) or H4 (ab10158, Abcam). Yeast protein extracts to analyze total
amount of Mcm4-GFP and Rad51 (Figure S4A) were prepared using the TCA protocol as described (Foiani et al., 1994). All
western signals were acquired and quantified in a ChemiDoc MP image system and quantified with the Image Lab™ software
(Biorad).

QUANTIFICATION AND STATISTICAL ANALYSIS
Image processing and analysis

The acquirement, processing and analysis of DNA repair foci, western blots, DNA fibers, and gels from 2D, ChEC and PFGE are spec-
ified in the corresponding Method details.
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Statistical analyses

Statistical analyses were performed using the Prism software (GraphPad). Mean, SEM, sample size and statistical tests are
indicated in the Figure legends. Sample size was not predetermined using statistical methods. Given the reduced sample size,
the analyses were performed assuming that they follow normal distributions. Scatter SuperPlots were done as recently reported
(Lord et al., 2020).
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