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ABSTRACT: The repair of broken replication forks is poorly understood. Here, we have 

characterized a chimera formed by the ssDNA binding protein complex RPA fused to the 

micrococcal nuclease (RPAMN) as a putative system to study the repair of doubled-strand breaks 

(DSBs) at the replication forks in vivo in Saccharomyces cerevisiae. We found that RPAMN 

requires Rad52 for viability, suggesting that RPAMN generates DSBs at the advancing forks, 

which are repaired by homologous recombination. Accordingly, RPAMN viability partially 

depends on Exo1 and Sgs1, which are required for DSB resection. Despite the accumulation of 

DSBs, the DNA damage checkpoint is dispensable in RPAMN cells. We also show that RPAMN 

is deficient in the formation of DNA repair centers, which suggests that RPA might be involved 

in targeting the recombinogenic lesions to the DNA repair centers. 

 

Introduction 

The maintenance of genome integrity is crucial to ensure cell survival and a reliable duplication 

and transmission of genetic information to offspring. Moreover, genome instability can lead to 

cancer formation as well as pathological disorders (1). For this reason, it is essential to understand 

the mechanisms and causes involved in genome instability. Double strand breaks (DSBs) are one 

of the most dangerous DNA lesions, as just one DSB can lead to cell death if it remains unrepaired. 

For this reason, eukaryotic organisms have developed complex mechanisms to ensure proficient 

DSB repair, which involve checkpoint activation to arrest cell cycle and specific repair 

mechanisms (2).  

The two main pathways used to repair DSBs are non-homologous end joining (NHEJ) 

and homologous recombination (HR). NHEJ ligates the broken DNA ends together either directly 

or after some processing, depending on the nature of the breaks. For this reason, even though 

highly efficient, NHEJ can sometimes lead to the generation of insertions or deletions and is 
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therefore considered an “error-prone” mechanism. On the contrary, HR uses the information of 

an intact homologous DNA sequence to repair the break and is therefore considered an “error-

free” mechanism (3). The mechanisms of DSB-induced HR are initiated by a short 5′  3′ 

degradation of one strand at both sides of the break through a process that requires the MRX 

complex and the Tel1 and Sae2 proteins. In a second wave, the exonuclease activity of Exo1 and 

the helicase/endonuclease activity of Sgs1 and Dna2 act to extend the resected DNA though 

several kilobases. Thus, single-stranded DNA (ssDNA) is generated at both sides of the DSB, 

which is coated with the essential ssDNA binding complex RPA (RPA) (4). Then, the mediator 

protein Rad52 helps to the DNA-dependent ATPase protein Rad51 to remove RPA, leading to 

the formation of a Rad51/ssDNA nucleofilament. This structure promotes strand exchange with 

a homologous duplex and provides a 3’ ended ssDNA to prime DNA synthesis. This process ends 

up with the formation of Holliday junction (HJ), structures that can be resolved by specific 

nucleases (yeast Mus81-Mms4 or Yen1), leading to crossover or non-crossover product, or 

dissolved by the activity of the Topoisomerase/helicase complex (TOPOIIIα/BLM/RMI2/RMI1), 

leading to non-crossover products (5) (Figure 1). In addition to the activation of the repair 

mechanisms, the DNA damage checkpoint arrest cells to procure time for repair. The MRX 

complex recruits the checkpoint sensors Tel1, and the formation of a RPA/ssDNA molecule 

serves as platform for the binding of Mec1. Then, Mec1 and Tel1 trigger a cascade of 

phosphorylation, event that eventually lead to the activation of the effector kinases Rad53 and 

Chk1 (6). 

A major source of DSBs is the breakage of the replication forks. Faithful replication of 

the complete genome is essential for preventing any loss of genetic information. There is a high 

risk of DNA breaks and genome rearrangements during DNA replication because the ssDNA at 

the forks is susceptible of being the substrate of nucleases and DNA processing enzymes. For this 

reason, the ssDNA is protected by the RPA complex. Moreover, replication forks have to deal 

with a number of obstacles that impede its advance such as DNA adducts, DNA-binding proteins 

or compacted chromatin structures, among others. In this context, cells have different mechanisms 

to protect, repair, and restart stressed replication forks. For instance, they activate specific 

replication checkpoint aimed to stabilize stressed forks and arrest the cell cycle during the repair 

(7). 

DSBs that raise from replication fork breakage differ from DSBs at lineal chromosomes 

in two aspects. First, whereas DSBs at lineal molecules have two DNA ends, DSBs at the 

replication fork can be one-ended molecules.  Second, the advance of the replication fork requires 

disruption of the chromatin fiber in front of the fork and assembly of the nascent DNA strands 

onto nucleosomes (Figure 2). It is therefore not surprising that broken forks might have different 

genetic requirements for their repair. For instance, broken forks by histone depletion are rescued 
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in a Rad52-dependent and Rad51-independent manner (8). Likewise, mutations that affect the 

lagging strand polymerase (Pol δ) result in an accumulation of Rad52-dependent, Rad51-

independent HJs (9). However, there are not genetic systems to study broken forks to date.  

The binding of proteins to DNA can be followed by the Chromatin Endogenous Cleavage 

(ChEC) method. This assay, developed by Laemmli and colleagues to map interaction sites of 

chromatin proteins (10), consists in the fusion of a protein of interest with the micrococcal 

nuclease (MNase). The nuclease activity of the MNase which can be activated with Calcium ions 

(Ca2+), generates DNA breaks that can be detected by different means (Figure 3). During an 

early characterization of a yeast strain expressing the major subunit of the RPA complex (Rfa1) 

fused to MNase (RPAMN), we were unable to generate a double mutant RPAMN rad52Δ, 

suggesting that this chimera generates DNA lesions that need HR to be repaired. Since RPA is 

mostly located at the replication fork in the absence of DNA damage, RPAMN could be used as a 

system to study DNA cleavage at the replication fork in vivo. 

 

Results 

RPAMN viability depends on RAD52 

Genetic crosses suggested that the double mutant RPAMN rad52Δ is lethal (data not shown). In 

order to confirm this lethality, we transformed a diploid strain RAD52/rad52Δ RPA/RPAMN with 

the plasmid pDML5, which has RAD52 under the control of a Galactose-inducible promoter. We 

sporulated this diploid and obtained RPAMN rad52Δ + pDML5 cells. We observed that this strain 

is able to grow in galactose medium (YEP-Gal) but not in glucose medium (YEPD) (Figure 4A), 

indicating that RAD52 expression is required for RPAMN viability. To confirm this result with a 

more accurate analysis, a serial dilution test was performed onto minimal medium, in which we 

observed a residual growth of RPAMN rad52Δ + pDML5 cells in glucose (Figure 4B).  In order 

to test if this residual growth was due to either a basal expression of the galactose-induced 

promoter or some capacity to grow in the absence of Rad52, we repeated the assay in presence of 

Fluorotic acid (FOA) (Figure 4C). FOA is a compound that is converted into a toxic component 

by the activity of the URA3 product. Thus, only ura3 cells can grow in the presence of FOA. 

Accordingly, cells transformed with pDML5 (URA3 marker) can grow in FOA medium only if 

they lose the plasmid, and they can lose the plasmid only if RAD52 is not essential for their 

viability (11). We observed that wt, RPAMN and rad52Δ strains grew in the presence of FOA, 

indicating that they can lose their plasmids. On the contrary, RPAMN rad52Δ was unable to grow 

in FOA, indicating that Rad52 is essential for its viability. 
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Rad52 expression during S phase is dispensable in RPAMN cells 

HR pathway is involved in both DSB repair and DNA damage tolerance. In DSB repair, Rad52 

expression is dispensable during S phase because the breaks formed in this phase can be repaired 

when the cell reaches G2/M. On the contrary, lesions that impairs the advance of the replication 

forks, like those generated by the alkylating agent methyl methanesulfonate (MMS), require the 

expression of Rad52 during S phase to facilitate the advance of the forks (12). To further evaluate 

the nature of the lesions generated by RPAMN we asked whether the expression of RAD52 

exclusively in G2/M was sufficient to allow the survival of RPAMN. For this, we generated a 

RPAMN strain (RPAMN G2RAD52) where Rad52 is expressed under the CLN2 promoter, which 

is only activated in G2/M (13) . We carried out a serial dilution growth analysis onto SMM plates 

and observed that RPAMN G2RAD52 growth was similar as that displayed by RPAMN (Figure 

5), indicating that Rad52 function during S phase is dispensable for RPAMN viability. Thus, this 

result suggests that RPAMN generates DSBs. 

 

RPAMN recombinogenic lesions need to be resected 

DSBs repair by HR needs 5’ to 3’ resection, which depends on the exonuclease and helicase 

activities of Exo1 and Sgs1, respectively (4). Therefore, we aimed to study if the recombinogenic 

lesions generated by RPAMN need to be resected. In order to accomplish this goal we generated 

a RPAMN strain lacking EXO1 and SGS1. Cell growth analysis showed that the lack of Exo1 and 

Sgs1 affects the viability of the RPAMN chimera (Figure 6), suggesting that RPAMN-induced 

recombinogenic lesions need to be resected. 

 

RPAMN does not activate the DNA damage checkpoint 

In response to DNA damage, cells activate a specific checkpoint to facilitate the repair of the 

lesions. The major effector of this checkpoint is Rad53, which becomes phosphorylated in 

response to DNA lesions. As shown in Figure 7, phosphorylated Rad53 (Rad53-P) was not 

detected in RPAMN cells despite the generation of recombinogenic DNA lesions. Since RPA is 

required to recruit the checkpoint sensors Mec1/Ddc2 to the DNA lesions (14), the absence of 

Rad53-P could be due to defective checkpoint activation in RPAMN cells. However, Rad53-P 

was detected in the presence of MMS (Figure 7), indicating that the checkpoint is functional. 

Since the checkpoint was not activated in the RPAMN strain, we aimed to examine 

whether checkpoint abolition affected RPAMN viability. For this, we generated a RPAMN strain 

lacking RAD53 and CHK1, which act in redundant checkpoint activation pathways (15), as well 

as SML1, a ribonucleotide reductase inhibitor that impedes cell growth of rad53Δ chk1Δ cells 
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(16). Cell growth analysis showed that the lack of Rad53 and Chk1 does not affect the viability 

of the RPAMN chimera (Figure 8), which is consistent with the lack of checkpoint activation in 

RPAMN cells (Figure 7). 

 

RPAMN prevents Rad52 foci formation 

Recombinogenic DNA lesions are recruited at DNA repair centers, which can be detected by 

fusing Rad52 with a green fluorescent protein (Rad52-YFP) (Figure 9A) (17). We decided to test 

whether the generation of recombinogenic DNA lesions in RPAMN was associated with an 

increase in the accumulation of cells with Rad52-YFP foci. Remarkably, we observed a reduction 

in the number of RPAMN cells with Rad52-YFP foci even in the presence of MMS (Figure 9B). 

Since RPA is required for DNA damage repair (14) and RPAMN prevents the formation 

of repair centers, we asked if these cells were defective in either DNA replication or DNA repair. 

First, we analyzed cell cycle progression in cells synchronized in G1 and released into fresh 

medium. We observed that RPAMN and wild-type cells displayed similar progression through the 

cell cycle (Figure 10A). Second, we analyze their sensitivity to genotoxic agents. We examined 

wt and RPAMN cell growth onto increasing concentrations of MMS (0.005%, 0.008, 0.01% and 

0.015%) (Figure 10B) and the replication inhibitor Hydroxyurea (HU) (100mM, 150mM and 

200mM), which reduces the pool of available dNTPs (18)  (Figure 10C). We used a strain lacking 

Rad52 (rad52Δ) as a negative control. As shown in Figure 10B-C, RPAMN was resistant to both 

genotoxic agents. Therefore, neither DNA replication nor DNA repair are affected in RPAMN. 

 

Discussion 

In this work we focused on the characterization of a strain carrying a chimera of Rfa, the major 

subunit of the RPA complex, fused to the MNase as a putative system to study DSBs at the 

replication forks. We observed that the viability of this strain depends on Rad52, an essential 

protein in homologous recombination (3). Since RPA is mostly at the forks during unperturbed 

cell cycles (19), this data suggest that the replication forks are cut by RPAMN and repaired by 

HR. The characteristics and requirements needed for the repair of DSBs formed at the replication 

forks remain obscure because the lack of a proper system to induce DSBs at the fork. An in vitro 

system was reported in Xenopus laevis egg extracts in which DSBs are being induced at the fork 

by digesting the DNA with the single-stranded-specific endonucleases S1 or mung bean (20). 

Here, we proposed the use of the allele RPAMN as an in vivo system to induce DSBs at the forks 

in Saccharomyces cerevisiae (Figure 11). This chimera is functional in DNA replication and 

DNA repair (Figure 10). However, the fact that RPAMN requires the presence of Rad52 for its 
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viability strongly suggests that this chimera is cutting the replication forks. Indeed, expression of 

Rad52 only in G2/M does not affect RPAMN viability (Figure 5), further supporting that RPAMN 

generates DSBs and not non-DSB DNA lesions (13). MNase activation requires 2mM 

concentration of Ca2+ (10), which is higher than the intracellular concentration of Ca2+ in yeast 

(50-200nM) (21). It is therefore likely that at this concentration, a residual amount of RPAMN 

molecules gets active leading to a few DSBs per cell cycle. A molecular demonstration of the 

accumulation of DSBs at the fork by RPAMN is still missing and it will be addressed by analyzing 

the pattern of replication intermediates by two dimensional gel electrophoresis (22). 

RPAMN-mediated DSBs seem to require DNA resection as the absence of Exo1 and Sgs1, 

required for this process, impairs RPAMN viability (Figure 6). In this regard these DSBs resemble 

those occurring at non-replication DNA regions. However, although the checkpoint is functional 

considering that Rad53-P accumulation is detected in the presence of replicative DNA damage, 

Rad53 is not activated by RPAMN, suggesting that DSBs at the forks do not trigger the checkpoint 

(Figure 7). Accordingly, the lack of Rad53 and Chk1 do not affect RPAMN viability (Figure 8). 

This is also the case of histone depleted cells which accumulate broken forks that are rescue by 

HR (8). In these cells the absence of Rad53 and Chk1 does not compromise their viability (23). 

Nevertheless, we cannot discard that RPAMN cells do not activate the checkpoint because DSBs 

are repaired soon after they are formed.  

 It is well worth noting that RPAMN cells do not accumulate Rad52 foci despite they are 

proficient in DNA repair. DSBs are sent to DNA repair centers which can be detected with a  

Rad52-YFP protein (24). Our results suggest that RPAMN-mediated DSBs are not sent to the 

repair centers, nevertheless they are being repaired. This defect is not specific of the RPAMN 

induced-DSBs, but it also affects to spontaneous and MMS-induced DNA lesions (Figure 9). It 

has previously been reported that DNA repair centers can be formed in the absence of Rad52 (13), 

suggesting that the ssDNA molecule could signal the lesions to the repair centers. Our data 

suggests that RPA might be implied in the targeting of the recombinogenic lesions to repair 

centers since RPA/ssDNA filament formation precedes to the HR start-up. We hypothesize that 

the RPAMN chimera loses the ability to signal the lesions to the repair centers due either to a steric 

impediment, or loss of postraductional modifications.  

 

Experimental procedures 

Yeast strains, growth conditions and plasmids 

Yeast strains used in this study are listed in Table 1. Yeast were grown in supplemented minimal 

medium (SMM), except for the viability analysis in Figure 4A, which was performed in rich 

medium (YEPD and YEP-Gal). RPAMN rad52Δ 5d + pDML5 was grown in SMM with 2% 
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galactose instead of glucose. Cell viability and drug sensibility were determined by plating ten-

fold serial dilutions from the same number of mid-log phase cells. For synchronization in G1 of 

bar1Δ strains, cells were grown to mid-log-phase and then α-factor was added twice at 60-min 

intervals at 0.5 μg/ml. Cells were then washed four times and released into fresh medium with 1 

μg/ml pronase. Plasmids used are in Table 2. Yeast transformations were performed as described 

in (25). Exponential cultures were washed in 1x AcLi and mixed with 50% PEG4000, 10x AcLi, 

salmon sperm at 2mg/mL. After 30 minutes of incubation they were treated at 42ºC for 20 

minutes, washed with H2O and sewed in selection media. 

 

Analysis of Rad52-YFP foci. 

The proportion of budded cells with Rad52-YFP foci was determined as described previously 

(17). Cells were transformed with pWJ1344, grown to mid-log-phase at 30ºC. Then, they were 

fixed using 2.5% formaldehyde, washed twice with 0.1M KHPO pH6.6 and finally resuspended 

in 0.1M KHPO pH7.4. The samples were dyed using 1ug/mL DAPI. They were visualized with 

a Leica DC 350F fluorescence microscope. A total of 322 wild-type cells, 314 wild-type cells 

treated with MMS, 283 RPAMN cells and 295 RPAMN cells treated with MMS derived from three 

independent experiments were analyzed.  

 

Western blot analysis 

Yeast protein extract were prepared with the TCA protocol (26). 10mL of yeast culture at OD600 of 

≈1.0 were collected by centrifugation (≈100 μl cell pellet). The cells were washed with 20% (TCA  

9000rpm 1’) and resuspended in 200μl 20% TCA. 100 μl glass beads were added and the samples 

were vortexed 7 times at max speed for 10 seconds, with 50 seconds on ice in between. The 

samples were spinned down by centrifugation for 5 minutes at 9.000rpm and resuspended in 

100uL laemli buffer 3x. Then, they were mixed with 50uL TRIS-HCL 1.5M pH8.8, boiled for 5 

minutes and spinned down for 5’ at 9.000rpm. The supernatant was transferred to a new eppendorf 

and it was stored at -20ºC. 15uL of the samples were run on a 8% acrilamyde-bisacrilamyde 

37.5% gel at 150V for 2 hours. BioBLU Prestained protein ladder was used as protein ladder. The 

samples were transferred to a PVPF membrane (Immobilon-P Millipore) 30 V overnight. Then, 

the membrane was blocked with 5% Milk-TBS 1x-Tween during 30 minutes. Rad53 was detected 

by incubation with a 1:300 dilution of the goat polyclonal antibody (yC19, Santa Cruz 

Biotechnology INC) at 4ºC overnight. Then, it was incubated at room temperature for 1 hour with 

1:20000 dilution of α-goat antibody. Detection was performed by quimioluminiscence West Pico 

(Thermo Scientific). 
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Flow cytometry. 

Analysis of DNA content was performed by flow cytometry (26). Mid-log-phase cells were fixed 

in 70% ethanol and then incubated overnight in phosphate-buffered saline with 1 mg of RNase A 

100 μg/ml and then stained for 1 hour with 1μg of propidium iodide/ml. Samples were sonicated 

to separate single cells and analyzed in a FACSCalibur flow cytometer (Becton Dickinson). 

 

DNA midiprep from E.Coli   

Plasmid extraction was performed using a midiprep protocol (25). The bacterial cultures were 

incoculated into LB ampiciline medium overnight. The pellets obtained were vortexed with 1mL 

of cold SOLUTION I (50mM glucose, 10mM EDTA, 25mM TRIS pH 8.0). Afterwars, 2ml of 

Solution II (0.2N NaOH, SDS1%) was added. They were mixed by inversion and resuspended 

with 1.5mL of Solution III (3M potassium, 5M acetate). They were incubated for 10 minutes, 

spined at 9.5000rpm for 10 minutes twice. The DNA was extracted using ½ phenol volume and 

½ chloroform volume. After a 10 minutes spinning they were washed with 96% Ethanol and 70% 

Ethanol. Finally, the DNA was suspended into 1x TE. 

 

Southern blot 

DNA extraction was performed according as described previously (25). DNA was digested by 

DraI and run into an agarose 0.8% gel. Then, the gel was incubated 10’ in HCl 0.25M and treated 

with denaturalization solution for 30’. The DNA was transferred to a nylon Hybond XL 

(Amersham) membrane by alkaline transference. DNA was covalently fixed by UV light 

irradiation (70000uL/cm2) and washed with SCC 2X (20X: 0.3M NaCl, 0.4M sodium citrate 

pH7). The membrane was hybridized at 65ºC with a radioactive P32-dCTP probe overnight and 

washed with wash solution thrice. Radioactive signal quantification was performed by exposing 

the membrane into Phosphor Imager (Fuji) screens, detected with Fuji Film FLA 5100 and 

analyzed with Image Gauge (Fuji). 
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Tables  

 

Table 1. Saccharomyces cerevisiae strains used in this study 

Strain Genotype Reference 

By4741b MATa his3Δ1, leu2Δ0, ura3Δ0, met15Δ0, bar1Δ::hyg (Pardo F. & 

Aguilera A. 

2005) 

bR1MN-3  

(RPAMN) 

MATa his3Δ1, leu2Δ0, ura3Δ0, met15Δ0, bar1Δ::hyg, 

RPAMN::kan 

Félix P. lab 

Byrad52Δ MATa, his3Δ1, leu2Δ0, ura3Δ0, met15Δ0, rad52Δ::kan, 

bar1::hyg 

(Clemente-

Ruiz & 

Prado, 2009) 

ByG2RAD52 MATα his3Δ1, leu2Δ0, ura3Δ0, GLB2p::cRAD52::NatNT2 

bar1Δ::hyg 

Félix P. lab 

Byexo1Δsgs1Δ MATα his3Δ1, leu2Δ0, ura3Δ0, bar1Δ::hyg, sgs1Δ::kan, 

exo1Δ::LEU2 

Félix P. lab 

Bysml1Δ MATa his3Δ1, leu2Δ0, ura3Δ0, met15Δ0, sm1Δ::hyg Félix P. lab 

Bychk1Δ MATα his3Δ1, leu2Δ0, ura3Δ0 ,lys2, chk1Δ::kan Euroscarf 

ByRPAMN 

rad52Δ 

+PDML5 5c 

MATα his2Δ1, leu2Δ0, ura3Δ0, met15Δ0, RPA1MN::kan, 

rad52Δ::kan + pDML5 

Félix P. lab 

ByRPAMN 

rad52Δ 

+PDML5 5d 

MATa his3Δ1, leu2Δ0, ura3Δ0,lysΔ0 ,RPA1MN::kan, 

rad52Δ::kan + pDML5 

Félix P. lab 

ByRPAMN 

G2RAD52 9b 

MATa his3Δ1, leu2Δ0, ura3Δ0,RPAMN::kan, 

G2RAD52::NAT 

This work 

ByRPAMN 

G2RAD52 11c 

MATa his3Δ1, leu2Δ0, ura3Δ0, met15Δ0, bar1Δ::hyg, 

RPAMN::kan, G2RAD52::NAT 

This work 

ByRPAMN 

exo1Δsgs1Δ 3a 

MATα his3Δ1, ura3Δ0, bar1Δ::hyg, RPAMN::kan, , 

exo1Δ::LEU2, sgs1Δ::kan (leu2Δ was not determined) 

This work 

ByRPAMN 

exo1Δsgs1Δ 3d 

MATα his3Δ1, ura3Δ0, bar1Δ::hyg, RPAMN::kan, 

exo1Δ::LEU2, sgs1Δ::kan,(leu2Δ was not determined) 

This work 

Bysml1Δ 

rad53Δ 

MATa his3Δ1, leu2Δ0 , ura3Δ0, met15Δ0, sm1Δ::hyg, 

rad53Δ::NAT 

This work 

ByRPAMN 

chk1Δ 12a 

MATα his3Δ1, leu2Δ0 ,ura3Δ0, bar1Δ::hyg, chk1Δ::kan, 

RPAMN::kan 

This work 

ByRPAMN 

chk1Δ sml1Δ 

rad53Δ 

MATa his3Δ1, leu2Δ0 ,ura3Δ0, met15Δ0, chk1Δ::kan, 

RPAMN::kan, sm1Δ::hyg, rad53Δ::NAT, ( bar1Δ::hyg was 

not determined) 

This work 

Bychk1Δ 

sml1Δ rad53Δ 

MATα his3Δ1, leu2Δ0 ,ura3Δ0, met15Δ0, chk1Δ::kan, 

sm1Δ::hyg, rad53Δ::NAT, ( bar1Δ::hyg was not determined) 

This work 
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Table 2. Plasmids 

Plasmid Relevant marks Reference 

pRS316 URA3, CEN6, ARSH, Amp Sikorski RS & Hieter P, 1989 

pDML5 GAL::RAD52, URA3 F.Prado unpublished plasmid 

pWJ1344 CEN, LEU2, RAD52::YFP::CyCt R.Rothstein, Columbia 

University 

pAG25 Nourseotricine marker (27) 

 

Table 4. Oligos 

Oligo Sequence 

Up-rad53 

disrup 

AATAGTGAGAAAAGATAGTGTTACACAACATCAACTAAAACAGC

TGAAGCTTCGTACGCT 

Lo-rad53 

disrup 

TTAAAAAGGGGCAGCATTTTCTATGGGTATTTGTCCTTGGGATGA

TATCAGATCCACTAG 

Up-rad53 

check 

AGAAAGCAGAAAAGGACGGT 

Lo-rad53 

check 

CTGTAACCCGTCTTATGCC 

Up-ORF NAT ACCACCGACACCGTCTTCCGCCTCA 

Lo-ORF NAT GGGTTCACCCTCTGCGGCCTGGACA 

Up-RPAMN 

check 

TCTTGCCGATGAGTT 

Lo-RPAMN 

check 

CTAACACCCAACAATTTACC 

Up-KAN 

check 

TCAGTGCATCTTAACCCTTC 

Lo-Chk1 

check 

TCAGTGCATCTTAACCCTTC 
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Figures 

  

Figure 1. Homologous recombination scheme. After the formation of a DSB, the breakage is resected 

(short/long resection) and the ssDNA is protected by RPA. Then, RPA is displaced by Rad51 mediated by 

Rad52. Next, the Rad51 form a nucleoprotein filament that invades a homologous DNA donor sequence to 

generate HJs that can be either dissolved or resolved. 

 

Figure 2. DSB fork formation. The DNA is being remodeled and the breakage has only one end.  
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Figure 3. DSBs induction system.  The RPA complex fused with MNase would induce a detectable cut. 

 

 

Figure 4. RPAMN viability depends on RAD52. (A) Growth analysis of RPAMN rad52Δ transformed 

with pDML5 (pGAL-RAD52) under inducing (YEP-Gal) or non-inducing (YEPD) conditions. (B) Growth 

analysis of wt and RPAMN transformed with pRS316 (empty), and rad52Δ and two strains of RPAMN 

rad52Δ (5c/5d) transformed with pDML5 (pGAL-RAD52) under inducing (galactose) or non-inducing 

(glucose) conditions. (C) Growth of wt, RPAMN, rad52Δ, and two strains of RPAMN rad52Δ (5c/5d) cells 

transformed with pDML5 (pGAL-RAD52) in the presence and absence of fluorotic acid (FOA) under 

inducing (galactose) conditions. 
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Figure 5. The expression of Rad52 during S phase is dispensable for RPAMN viability. Growth analysis of wt, 

RPAMN, G2RAD52 and two strains of RPAMN G2RAD52 (11c/9b). 

 

 

Figure 6. RPAMN viability is affected in the absence of resection. Growth analysis of wt, RPAMN, EXO1Δ SGS1Δ 

and two strains of RPAMN EXO1Δ SGS1Δ (3a/3b). 

 

 

Figure 7. RPAMN does not accumulate phosphorylated Rad53. Phosphorylation of Rad53 (Rad53-P) as determined 

by Western blot in wt and RPAMN cells treated with or without 0.05% MMS for two hours induction. 
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Figure 8. RPAMN is not dependent on Rad53. Growth analysis of wt, RPAMN, chk1Δ sml1Δ rad53Δ and RPAMN 

chk1Δ sml1Δ rad53Δ. 

 

 

Figure 9. RPAMN does not accumulate RAD52-YFP foci even in the presence of MMS. (A) Rad52-YFP foci. (B) 

Percentaje of S/G2-M cells with Rad52-YFP foci in the presence or absence of 0.05% MMS. Asterisks indicate 

statistically significant differences according to a Student’s t-test, where one, two and three asterisks represent a p-

value <0.05, <0.01 and <0.001, respectivelly. 
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Figure 10. RPAMN is not defective in neither DNA replication nor DNA repair. (A) DNA content analysis by flow 

cytometry of wt and RPAMN cells. (B) Growth analysis of RPAMN and wt in the presence of increasing concentrations 

of MMS and HU (C). 

 

 

 

 

 



20 
 

 

 

Figure 11. Putative RPAMN-induced DSBs at the replication forks. The chimera RPAMN is inducing 

few DSB at forks in the presence of intracellular Ca2+, which would be resected and repaired by HR. 

 

 

 

 

 


