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Abstract

DNA double-strand breaks (DSBs) are toxic forms of DNA damage that must be repaired
to maintain genome integrity. Telomerase can act upon a DSB to create a de novo telo-
mere, a process that interferes with normal repair and creates terminal deletions. We pre-
viously identified sequences in Saccharomyces cerevisiae (SiRTAs; Sites of Repair-
associated Telomere Addition) that undergo unusually high frequencies of de novo telo-
mere addition, even when the original chromosome break is several kilobases distal to the
eventual site of telomerase action. Association of the single-stranded telomere binding
protein Cdc13 with a SiRTA is required to stimulate de novo telomere addition. Because
extensive resection must occur prior to Cdc13 binding, we utilized these sites to monitor
the effect of proteins involved in homologous recombination. We find that telomere addi-
tion is significantly reduced in the absence of the Rad51 recombinase, while loss of
Rad52, required for Rad51 nucleoprotein filament formation, has no effect. Deletion of
RAD52 suppresses the defect of the rad51A strain, suggesting that Rad52 inhibits de novo
telomere addition in the absence of Rad51. The ability of Rad51 to counteract this effect of
Rad52 does not require DNA binding by Rad51, but does require interaction between the
two proteins, while the inhibitory effect of Rad52 depends on its interaction with Replication
Protein A (RPA). Intriguingly, the genetic interactions we report between RAD51 and
RADS52 are similar to those previously observed in the context of checkpoint adaptation.
Forced recruitment of Cdc183 fully restores telomere addition in the absence of Rad51, sug-
gesting that Rad52, through its interaction with RPA-coated single-stranded DNA, inhibits
the ability of Cdc13 to bind and stimulate telomere addition. Loss of the Rad51-Rad52
interaction also stimulates a subset of Rad52-dependent microhomology-mediated repair
(MHMR) events, consistent with the known ability of Rad51 to prevent single-strand
annealing.
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Author summary

DNA double-strand breaks (DSBs) can lead to chromosome loss and rearrangement asso-
ciated with cancer and genetic disease, so understanding how the cell coordinates multiple
possible repair pathways is of critical importance. Telomerase is a ribonucleoprotein
enzyme that uses an intrinsic RNA component as a template for the addition of highly
repetitive, protective sequences (called telomeres) at normal chromosome ends. Rarely,
telomerase acts upon a DSB to create a new or de novo telomere with resultant loss of
sequences distal to the site of telomere addition. Here, we show that interactions between
proteins with known roles during DSB repair modulate the probability of telomerase
action at hotspots of de novo telomere addition in the yeast genome by influencing the
association of Cdc13, a protein required for telomerase recruitment, with sites of telomere
addition. Intriguingly, the same interactions that facilitate telomere addition prevent
other types of rearrangements in response to chromosome breaks.

Introduction

The ends of most linear eukaryotic chromosomes are organized into special nucleoprotein
structures, telomeres, that are essential for the maintenance of genome stability and integrity.
In association with telomere binding proteins, telomeres protect the ends of the chromosomes
from being recognized as DNA double-strand breaks (DSBs), thereby preventing inappropri-
ate nucleolytic processing, fusion, and recombination [1]. Telomeres also counteract loss of
sequences due to the ‘end-replication problem’ by serving as a primer for telomere synthesis
by the specialized ribonucleoprotein enzyme telomerase [2]. The telomerase reverse transcrip-
tase utilizes its intrinsic RNA component as a template for the addition of TG-rich sequence
repeats (TG _; in yeast) to the overhanging 3’ strand at the chromosome terminus [2].

DNA DSBs are among the most toxic forms of DNA lesions, with failed or incorrect repair
carrying a high likelihood of sequence loss, rearrangement, and cell death. Therefore, appro-
priate detection and repair of DSBs is crucial for the maintenance of genome stability. DSBs
are generated due to exposure to exogenous agents such as ionizing radiation and radiomi-
metic drugs or endogenous agents such as reactive oxygen species and replication errors [3].
The two major pathways of DSB repair, homologous recombination (HR) and non-homolo-
gous end joining (NHE]), differ in the requirement for sequence homology. HR utilizes a
homologous template such as a homologous chromosome or sister chromatid for repair, while
NHE] involves direct ligation of broken ends with minimal processing [4]. During HR, the 5’
terminating strands are resected to generate 3’ single-stranded DNA that is rapidly bound by
replication protein A (RPA), a three-protein complex encoded in yeast by the genes RFAI-3
[3,5,6]. Association of yeast Rad52 with RPA-coated single-stranded DNA results in the dis-
placement of RPA and formation of the Rad51 nucleoprotein filament [3,7,8] that initiates the
homology search and coordinates strand invasion into homologous duplex DNA [3,9]. In
addition to serving as a mediator of Rad51 filament formation, Rad52 also facilitates annealing
between complementary RPA-coated single strands [10,11].

While NHE]J and HR are the primary pathways of DSB repair in eukaryotic cells, other
forms of less accurate repair such as single-strand annealing (SSA) [3], microhomology-medi-
ated end joining (MME]J) [12], and break-induced replication (BIR) [13] also occur. These
‘non-conservative’ repair pathways lead to formation of gross chromosomal rearrangements
(GCRs) including deletions, inversions, and translocations. The genetic requirements for these
pathways are different but overlapping, and are influenced by the extent and location of
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avaijlable homologies [14]. Since genome rearrangements influence both cancer and genetic
disease through changes in gene dosage, formation of fusion proteins, and/or changes in gene
regulation, an understanding of how these non-conservative pathways are regulated and how
they may compete during repair of a DSB is essential.

While the pathways described above require interaction of the DSB with an intra- or inter-
chromosomal sequence to facilitate repair, terminal deletions can arise through direct addition
of a de novo telomere by telomerase to an internal DSB [15,16]. In a haploid strain, GCR events
within a non-essential terminal region of yeast chromosome 5 are more likely to involve de
novo telomere addition than any other type of rearrangement, whether they occur spontane-
ously or in response to a single DSB [17-20]. Sites of de novo telomere addition in yeast typi-
cally contain at least a single TG-dinucleotide, likely reflecting a requirement for base pairing
between the 3’ end of the DSB and the telomerase RNA (which in yeast contains the sequence
5-CACCACACCCACACAC-3’) [18,19,21]. However, this interaction is insufficient and telo-
merase recruitment to a DSB occurs through at least two (perhaps non-exclusive) mechanisms.
At sites containing very short TG tracts (<4 nt), de novo telomere addition depends on inter-
action between the TLC1 telomerase RNA and yeast Ku70/80 [19], a heterodimeric complex
that interacts in a non-sequence specific manner with both telomeres and DSBs. The telo-
mere-binding protein Cdc13 also recruits telomerase to DSBs via its interaction with the telo-
merase component Estl [18,22-24]. Cdc13 displays a marked preference for TG-rich,
telomere-like sequences [25]. However, even in the absence of obvious TG-rich sequences,
chromatin immunoprecipitation (ChIP) experiments reveal association of both Cdc13 and tel-
omerase with regions surrounding a DSB under conditions that encourage the generation of
substantial resection (i.e. when HR is restricted) [26]. The probability of de novo telomere
addition at TG-repeats of <11 nt is decreased by the Mecl-dependent phosphorylation of
Cdc13 [18]. DNA damage-dependent phosphorylation of the helicase Pifl by Mec1 also inhib-
its telomere addition at DNA breaks [27], although such inhibition is overcome at sites con-
taining at least 34 bp of telomeric sequence in a manner dependent on Cdc13 function [28].
Together, these mechanisms limit frequencies of de novo telomere addition at most internal
sequences.

We have previously characterized two endogenous hotspots of de novo telomere addition
on the left arms of yeast chromosomes 5 and 9. These TG-rich sequences, termed SiRTAs
(Sites of Repair-associated Telomere Addition), undergo de novo telomere addition at frequen-
cies ~200-fold higher than neighboring regions [20], even when the initiating chromosome
break is located several kilobases distal to the eventual site of telomere addition [20]. The
nomenclature for these sites (SiRTAs 5L-35 and 9L-44) reflects the distance each is located
(35kb and 44kb, respectively) from the nearest telomere on that chromosome arm. Both sites
display a bipartite structure consisting of a Core sequence within which telomerase acts to ini-
tiate de novo telomere addition and a Stim sequence that enhances telomere addition at the
Core by providing binding site(s) for Cdc13 [20]. The identification of these sequences as hot-
spots of de novo telomere addition provides a tractable system in which to examine the inter-
play between alternative non-conservative repair pathways.

Telomere addition at SiRTA following a distal chromosome break involves extensive 5" end
resection to expose Cdc13 binding sites in single-stranded DNA and to generate a 3’ terminus
that can prime telomere addition by telomerase. Since such extensive single-stranded DNA is
expected to form a Rad51 nucleoprotein filament, we investigated roles of the HR-associated
proteins Rad51 and Rad52 in de novo telomere addition at these SiRT As. Indeed, previous
work showed that recruitment of Cdc13 to DSBs lacking extensive TG repeats is reduced in
the absence of Rad51 [26]. Here, we show that Rad51, but not Rad52, is required for normal
levels of de novo telomere addition at two different SiRTAs after DNA DSB induction.
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Surprisingly, de novo telomere addition is restored in the absence of both proteins, suggesting
that Rad51 counteracts an inhibitory effect of Rad52. This activity requires the ability of Rad51
to interact with Rad52, but not its ability to bind single-stranded DNA. Additionally, an allele
of RFAI that by genetic criteria reduces the interaction between Rfal and Rad52 blocks the
inhibitory effect of Rad52. The reduction in de novo telomere addition in the absence of Rad51
correlates with reduced association of Cdc13 with SiRTA and is rescued by the forced recruit-
ment of Cdc13, suggesting that the association of Rad52 with RPA-bound single-stranded
DNA directly or indirectly inhibits Cdc13 binding in a manner relieved by Rad51. In the
course of these experiments, we found that the genetic manipulations described above also
affect the probability of Rad52-mediated microhomology-mediated repair (MHMR) in the
region proximal to SIRTA 9L-44, indicating that direct interactions between Rad51 and Rad52
modulate the relative use of alternative repair pathways in a context-dependent manner.

Results
A system for the study of de novo telomere addition at SiRTAs

The ability of a sequence to function as a SIRT'A is monitored in haploid cells using a previ-
ously-described inducible HO endonuclease cleavage assay [20,29]. Briefly, a recognition site
for the HO endonuclease is integrated approximately 3 kb distal to the SiRTA, while the gene
encoding the HO endonuclease is placed under control of a galactose-inducible promoter.
Endogenous HO cleavage sites at the MAT, HML, and HMR loci are deleted in this strain back-
ground to prevent repair of the break by gene conversion. Finally, the URA3 gene is integrated
approximately 7kb distal to the HO cleavage site to monitor loss of the chromosome end

(Fig 1A).

In assays described here, cells are plated on media containing galactose, resulting in persis-
tent HO cleavage. Correct repair (by NHE]J or through use of the sister chromatid as a template
during HR) restores the cleavage site and initiates a repair-cleavage cycle that is often lethal;
visible colonies form when incorrect repair results in the mutation or removal of the HO rec-
ognition site. Loss of the HO site due to a large internal deletion, translocation, or truncation
of the chromosome terminus by de novo telomere addition causes the cell to acquire 5-fluor-
oorotic acid (5-FOA) resistance through loss of the distal URA3 marker (referred to as Gal®
5-FOAR colonies or GCR events) (Fig 1A) [20]. Repair events are constrained between the HO
cleavage site and the last essential genes PCM1 or MCM10, located ~43kb and ~60kb from
telomeres 5L and 9L, respectively. Sites of repair are subsequently mapped by PCR to three
regions: the SiIRTA, the region between the SiRTA and the essential gene (Cen-prox), or the
region between the SIRTA and the HO site (Tel-prox) (Fig 1A). These regions are not equal in
size, with the SiRTA (less than 100bp) encompassing <1% of the distance from the HO site to
the essential gene. In previous work, we found that the vast majority of GCR events mapping
to SiRTAs 9L-44 and 5L-35 result from de novo telomere addition [20] (and see below).

Rad52 inhibits telomere addition at SiRTA in the absence of Rad51

Because de novo telomere addition at SiRTA requires resection from the site of the DSB to
expose single-stranded DNA as a template for telomere addition, we examined the role of
Rad51, which forms a nucleoprotein filament on single-stranded DNA to facilitate the homol-
ogy search during HR [9]. Previous work suggested that Rad51 facilitates de novo telomere
addition, although the mechanism is not understood [26]. Indeed, loss of RAD51 reduced the
fraction of GCR events occurring at SiRTA 9L-44 by 4-fold and at SiRTA 5L-35 by 2.5-fold
(Fig 1B and panel A of S1 Fig).
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Fig 1. Rad51 promotes de novo telomere addition at SiRT As 9L-44 and 5L-35 by inhibiting Rad52 function. (A)
Schematic of the HO cleavage assay system. MCM10 and PCM1 are the most distal essential genes on the left arms of
chromosome 9 and 5, respectively. Cleavage is induced by the expression of HO endonuclease upon plating on
galactose-containing medium, surviving colonies lacking URA3 function are selected on media containing 5-FOA, and
the approximate location of each GCR event is mapped by PCR to the SiRTA, the region centromere-proximal to the
SiRTA (Cen-prox), or the region telomere-proximal to the SIRTA (Tel-prox). The sizes in kilobases of each of these
regions are shown for the SiRTAs on chromosomes 5 and 9. (B) The relative GCR frequency within the indicated
SiRTA is shown for WT and mutant strains. Averages from at least three independent experiments are shown with
standard deviations. Strains statistically different from WT by ANOVA with Dunnett’s multiple comparisons test are
indicated by asterisks (**p <0.01; ***p <0.001). (C) Definitions and methods for calculating the overall, relative, and
absolute frequencies of GCR formation. (D) Overall GCR frequency (%) determined in multiple independent
experiments in the RAD51 (WT) and rad51A strains after HO cleavage on chromosome 9. Sample numbers are 21 for
WT and 15 for rad51A. (E) Relative GCR frequency in SiRTA 9L-44 from the same experiments shown in D. p<0.0001
by Student’s t test. (F) Plot of overall GCR frequency versus relative GCR frequency in SiRTA 9L-44 for the WT
experiments shown in D and E.

https://doi.org/10.1371/journal.pgen.1008608.9001

The probability of repair within a particular region can be expressed in two different ways:
as a relative GCR frequency (the fraction of all GCR events that occur in that region) or as an
absolute GCR frequency (the fraction of all cells that undergo a GCR event in that region). As
described in detail below, calculation of the absolute GCR frequency is only advantageous
when the overall GCR frequency (the fraction of all cells that give rise to a Gal® 5-FOAR col-
ony) differs significantly between strains. See Fig 1C for definitions and calculations.
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On chromosome 9, average overall GCR frequencies in the RAD51 and rad51A strains are
nearly identical (0.048% versus 0.046%, respectively), but the inherent variability is high
(range of 0.072% and 0.086%, respectively; Fig 1D). In contrast, measurements of the relative
GCR frequency within SiRTA 9L-44 are more reproducible between experiments and the dif-
ference between the RAD51 and rad51A strains is highly significant (p<0.0001; Fig 1E).
Within a given experiment, there is no correlation between the overall GCR frequency and the
relative GCR frequency at SiIRTA 9L-44 (Fig 1F). Given this lack of correlation and the vari-
ability in the measured overall GCR frequencies, calculating the absolute GCR frequency at
SiRTA 9L-44 by multiplying the relative GCR frequency at SiRTA 9L-44 by the overall GCR
frequency increases noise without yielding additional information.

Given this analysis, we have adopted the following approach for expressing the data (also
see Methods). If the overall GCR frequency of a particular strain does not differ significantly
from WT and rad51A, then results are presented as relative GCR frequencies. When the overall
GCR frequency does differ significantly from values measured in the RAD51 or rad51A strains,
we additionally present the results as absolute GCR frequencies.

If formation of the Rad51 nucleoprotein filament contributes to telomere addition at SiR-
TAs, then loss of Rad52 (required for filament formation [7,8]) should have the same effect.
Notably, deletion of RAD52 does not decrease the relative GCR frequency at either SiRTA 9L-
44 or 5L-35 (Fig 1B and panel A in S1 Fig), consistent with a previous report [20]. In fact,
because the overall GCR frequency is modestly higher in the rad52A strain, the absolute GCR
frequency is increased at SIRTA 5L-35 (panel B in S1 Fig). The effect of deleting RADS51 is
unique among the genes of the RAD52 epistasis group: deleting RAD54, RAD55, RAD57 or
RAD59 does not significantly reduce the relative frequency of GCR formation at either SiRTA
(panel A in S2 Fig).

We then examined the epistatic relationship between RAD51 and RAD52. Surprisingly,
additional deletion of RAD52 fully suppresses the reduced GCR formation observed in the
rad51A strain at both SiRTA 9L-44 and SiRTA 5L-35 (Fig 1B and S1 Fig). This epistatic rela-
tionship is incompatible with a model in which Rad51 directly promotes de novo telomere
addition at SiRTAs and instead suggests that Rad52 inhibits telomere addition, but only in the
absence of Rad51. Importantly, the effects observed at SIRTAs are not due to impaired telome-
rase activity per se, as endogenous telomere length is unaffected by the deletions of RAD51
and/or RAD52 (S3 Fig). We conclude that the effects reported here are specific to the disrup-
tion of Rad51 function, with Rad52 functioning as a downstream effector.

To examine the type of repair occurring at the SiRTA, a subset of GCR events mapping by
PCR to the SiRTA were analyzed by Southern blot (54 Fig). In a control strain (never exposed
to galactose), cleavage of genomic DNA with Nsil yielded the expected band of ~8 kb when a
probe immediately internal to SIRTA 9L-44 was utilized (panel A and lane 19 in panel B of 54
Fig). In contrast, the majority of strains with a GCR event mapping to SiRTA 9L-44 yielded a
smeary band of ~2.8 kb (panel B in S4 Fig). Since the Niil site lies ~2.5 kb internal to SIRTA
9L-44, this is the size expected following addition of ~250-350 bp telomeric DNA. These same
fragments were detected when the blot was reprobed with a cloned yeast telomeric sequence
(panel C in S4 Fig). Strains lacking the signal indicative of telomere addition at SiRTA each
showed a single discrete band of varying sizes, indicative of a translocation or large deletion.

Using this approach, 46 of 50 GCR events (92%) mapping to SIRTA 9L-44 in the WT strain
were found to involve de novo telomere addition. Similar results were observed in cells lacking
RAD52 only or both RAD51 and RAD52 [39 of 41 (95%) in rad52A and 29 of 29 in rad51A
rad52A). In contrast, only 10 of 19 (53%) events mapping to SiIRTA 9L-44 in rad51A cells
involved de novo telomere addition (S1 Table). We have previously observed that cis-acting
mutations reducing SiRTA function can reduce the proportion of repair events in the SiRTA

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008608 February 3, 2020 6/27


https://doi.org/10.1371/journal.pgen.1008608

@.PLOS ‘ GENETICS

Interaction of yeast Rad51 and Rad52 relieves Rad52-mediated inhibition of de novo telomere addition

>

)

Relative GCR freq. (%

that involve de novo telomere addition [20], consistent with the effect observed upon RAD51
deletion. However, the probability of translocation/deletion may be context-dependent, since
the fraction of GCR events involving telomere addition in the rad51A strain was not reduced
at SiRTA 5L-35 (S1 Table). We conclude that the vast majority of GCR events at SIRTAs
involve de novo telomere addition, but that, in the absence of RAD51, the frequency of de novo
telomere addition at SiRTA 9L-44 is even further reduced from that estimated based on GCR
frequency alone.

Rad51 inhibits Rad52-dependent repair events centromere-proximal to
SiRTA 9L-44

During our analysis of telomere addition at SiRT'As, we noticed that the relative frequency of
centromere-proximal events is elevated in the absence of RAD51. This effect is particularly
pronounced within the region centromere-proximal of SIRTA 9L-44 and is suppressed by
deletion of RAD52 (Fig 2A and S1 Fig). As a result, despite the striking change upon deletion
of RAD51, the distribution of GCR events across all three regions (centromere-proximal,
SiRTA, and telomere-proximal) is similar to WT in both rad52A4 and rad51A rad52A strains
(S1 Fig). At SiRTA 5L-35, there is a trend toward increased relative GCR frequency in the cen-
tromere-proximal region, but the difference is not statistically significant compared to WT
(Fig 2A and S1 Fig). We do not fully understand the discrepancy between the two SiRTAs, but
speculate that differences in the sequence and/or size of the centromere-proximal regions may
play a role (the centromere proximal region on chromosome 9 is twice the size of the corre-
sponding region on chromosome 5; Fig 1A).

We wondered whether the reduced telomere addition at SIRTA 9L-44 in the absence of
RAD51 might directly cause the increase in centromere-proximal events by allowing resection
to proceed internally in a higher fraction of cells. If true, cells completely lacking SiRTA
sequences (SiRT'AA) should undergo more events in the centromere-proximal region. Instead,
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Fig 2. A subset of repair events centromere-proximal to SiRTA 9L-44 increases in frequency upon deletion of RAD51. (A) The
relative GCR frequency in the region centromere-proximal to SiRTAs 9L-44 and 5L-35 is shown for the indicated strains. The strain
statistically different from WT by ANOVA with Dunnett’s multiple comparisons test is indicated by asterisks. (B) The relative GCR
frequency in the region centromere-proximal to SiRTA 9L-44 is shown for the indicated strains. In the SiRTAA strain, no GCR
events were observed in the centromere-proximal region. Values are averages from three independent experiments; error bars
represent standard deviation. Averages indicated by asterisks are statistically different by ANOVA with Tukey’s multiple
comparisons test (*p<0.05; **p <0.01; ***p<0.001; ****p<0.0001).

https://doi.org/10.1371/journal.pgen.1008608.g002
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we found no centromere-proximal GCR events in SIRTAA 9L-44 cells (Fig 2B). However, such
events are not dependent on the SiRTA, since centromere-proximal events are observed in
SiRTAA rad51A cells (Fig 2B). We conclude that the phenomena observed at the SiIRTA and
centromere-proximal regions are independent.

Rad51-inhibited repair events require Rad59 and Pol32

To gain insight into the types of repair events occurring in the centromere-proximal region,
genomic DNA was analyzed from twelve independent rad51A strains containing breakpoints
that mapped between SiRTA 9L-44 and the last essential gene. We used nanopore sequencing
at low coverage to obtain very long (up to 54 kb) sequence reads (see Methods). In each case,
at least one (and in most cases, multiple) reads spanned the breakpoint, allowing identification
of the sequences involved. Each rearrangement was subsequently verified by PCR amplifica-
tion. As shown in Fig 3A (repair junctions i-iii), three of the strains contain translocations
between the left arm of chromosome 9 and chromosome arms 5L, 11R, or 14L, respectively.
These strains survived cleavage of chromosome 9 by acquiring ~50-70 kilobases of terminal
sequence, including the telomere, from a non-homologous chromosome. Sequence reads from
the intact chromosome (5, 11, or 14) are also present in the dataset, indicating that the translo-
cations are nonreciprocal. Microhomology is evident at each breakpoint (Fig 3A), with two of
the translocations (to 11 and 14) involving the same trinucleotide repeat on chromosome 9.
All three translocations occurred after resection of 10 kb or more from the HO cleavage site,
which is inserted ~41.5 kb from the left telomere of chromosome 9.

One additional strain contains a 23 kb deletion on chromosome 9 (Fig 3A, repair junction
v), while at least four, and likely all eight, of the remaining strains contain an identical 39 kb
internal deletion (Fig 3A, repair junction iv). There is some ambiguity in the latter case because
the left termini of chromosomes 9 and 10 are nearly identical over more than 15 kb, including
the position of the distal breakpoint [30]. A single base polymorphism between the two chro-
mosomes at nucleotide position 8415 (chromosome 9) could be used in four strains to deter-
mine unambiguously that the rearrangement is a deletion, rather than a non-reciprocal
translocation to chromosome 10. Appropriate sequence reads were lacking in the remaining
four strains to make a determination, but we consider it likely that these are also internal dele-
tions on chromosome 9. Like the translocations, the deletions occur at regions of microhomol-
ogy (Fig 3A). Using primers designed to amplify across the breakpoint of the common 39 kb
deletion (S1 Data), we found that 45% of all centromere-proximal GCR events in the rad51A
background are of this type (30 of 67), while the same deletion accounted for only one of 45
centromere-proximal events (~2%) in the wild-type strain. We conclude that much of the
increase in centromere-proximal events upon loss of RAD51 is driven by an increase in the
likelihood of an internal deletion.

The inhibition of centromere-proximal events is unique to Rad51 as individual deletion of
RAD54, RAD55, RAD57 or RAD59 resulted in little or no increase in the relative GCR fre-
quency centromere-proximal to SiIRTAs 9L-44 or 5L-35 (panel B of S2 Fig). However, as
described above, the increase in centromere-proximal events in the rad5IA strain requires
RADS52, consistent with a homology-driven repair process (Fig 2A and S1 Fig). We next tested
the role of RAD59, which is required for some Rad51-independent homologous repair path-
ways [31-34]. Indeed, deletion of RAD59 suppressed the increase in centromere-proximal
events observed in the absence of RAD51, while deletion of RAD54 had no effect (Fig 3B).
Importantly, the reduced relative GCR frequency at SiRTA 9L-44 was not suppressed in the
rad59A strain (Fig 3B), further supporting our conclusion that events occurring in the centro-
mere-proximal region are independent of SiRTA function.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008608 February 3, 2020 8/27


https://doi.org/10.1371/journal.pgen.1008608

o ®
@ : PLOS ‘ GENETICS Interaction of yeast Rad51 and Rad52 relieves Rad52-mediated inhibition of de novo telomere addition

A i. TEL -CTTGAAAAGCTGATGGGT-GTCAAGCACGCCC Chr. 5, 51941
GGTCGTCGAGCACGCCCGCGACGCAGTCAAAC-CEN Chr. 9, 54181
ii. TEL -AGCGGCGAATCTTCAAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC Chr. 11, 613726
AGCAGCAGCAGCAGCAGCAGCAGCCGGATTCTCAGGACTC-CEN Chr. 9, 49508
iii. TEL -TTCTCAACGATCTTTGCAGCAGCAGCAGCAGCAGCAGCAGCA Chr. 14, 70027
GCAGCAGCAGCAGCAGCAGCAGCCGGATTCTCAGGACT-CEN Chr. 9, 49509
iv. TEL -ATGATGGTGCTGAGTTTACCGAGGCAAAATTCCC Chr. 9, 14297
TTCCCGAGGCAAAAT-CCCCCTTTTCAACAAGGG-CEN Chr. 9, 53396
V. TEL -CTTTGGAGCAAAAAAAAATGGTGGTTGCTC Chr. 9, 26690
AAATGGTGGTTGCTCAGTTGTCCCAACAGG-CEN Chr. 9, 50109

WT rad51A rad51A rad51A rad51A

= rad52A rad59A rad54A
__100
2
o 804 -} %
ql_') *kk dkk
‘é 60 - }
O 4o _J% ‘I‘ _}
N 1
% 20 *x % *%
N A di fy

2o
CST C€CST C€CST C€CST CST

C=Cen-proximal S=SiRTA T=Tel-proximal

C D

WT rad51A pol32A rad51A
_ 8o Cen-prox 9L-44 0025 - -y pol32A
e'\o’ *kkk § - %
g 60 = 0.020
e = ? n
% 40 Eﬂ) 0.015 1
0]
9 200104 .
2 20 5 *
§ ﬁ * * § 0.005 [}l ﬁ * kk Ak
o T T ..;:q % < 0.0 sl oo 1 51
> o> > CST CST CST CST
S
€ Q¢ ¢
N\
$
&

Fig 3. Microhomology-mediated repair requires Rad52, Pol32, and Rad59 and is inhibited by Rad51. (A) Unique
breakpoint sequences identified by nanopore sequencing in twelve independent rad51A strains are shown. Event (iv)
was recovered independently eight times, while the other rearrangements occurred once. Bases in gray are present on
the original chromosome, while bases in black are those retained in the rearranged chromosome. The shaded regions
indicate microhomologies utilized in mediating repair. The chromosome coordinate of each rearrangement is indicated.
Additional information is available in S1 Data. (B) The relative GCR frequency in each region on chromosome 9 is
shown in the indicated strains. C, S, and T indicate centromere-proximal, SiRTA, and telomere-proximal events,
respectively. Data for rad51A rad52A are repeated from Figs 1B and 2A for comparison. Values are averages from 3
independent experiments with standard deviation. For the centromere-proximal and SiRTA regions only, averages were
compared to the WT sample in that same region by ANOVA with Dunnett’s multiple comparisons test. (C) The relative
GCR frequency in the region centromere-proximal to SiRTA 9L-44 is shown for the indicated strains. Averages
indicated by asterisks are statistically different by ANOVA with Dunnett’s multiple comparisons test. (D) The absolute
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GCR frequency (see Fig 1C for calculation) in each region on chromosome 9 is shown in the indicated strains from the
same experiments as panel C. Values are averages from 3 independent experiments with standard deviation. For the
centromere-proximal and SiRTA regions only, averages were compared to the WT sample in that same region by
ANOVA with Dunnett’s multiple comparisons test (*p<0.05; **p <0.01; ***p<0.001; ****p<0.0001).

https://doi.org/10.1371/journal.pgen.1008608.g003

We also examined the role of POL32, which encodes a nonessential subunit of DNA poly-
merase § [35] and is required for some repair events requiring extensive replication [36,37].
Even in a WT RAD51 background, the relative and absolute GCR frequencies in the centro-
mere-proximal region are reduced upon deletion of POL32 and this phenotype is epistatic to
rad51A (Fig 3C and 3D). When both RAD51 and POL32 are deleted, the absolute frequency of
repair in all regions is markedly decreased (Fig 3D). We conclude that nearly all of the centro-
mere-proximal events, in both the presence and the absence of RAD51, require POL32.

The negative effect of Rad52 on de novo telomere addition requires
interaction with Rad51

The incongruence between the effects of RAD51 and RAD52 deletion on de novo telomere
addition at SIRT As implies that the requirement for Rad51 is independent of nucleoprotein fil-
ament formation. To test this idea, we assayed strains expressing rad51 alleles that block ATP
binding (K191A) or hydrolysis (K191R) by Rad51, activities required for normal formation of
the Rad51 nucleofilament [38,39]. Both alleles were integrated at the endogenous RAD51
locus. By Western blot, these protein variants are expressed at levels only slightly reduced com-
pared to WT (S5 Fig). Importantly, despite profound defects in single-stranded DNA binding
(K191A) and defective nucleoprotein filament formation (K191R), both proteins retain associ-
ation with Rad52 as measured by co-immunoprecipitation, albeit at reduced levels (S5 Fig).
The retention of Rad52 interaction by Rad51-K191R is in agreement with a previous report
[40]. Both alleles support normal levels of GCR formation at SiRTA 9L-44 (Fig 4A) and do not
show the markedly increased relative frequency of GCR events in the centromere-proximal
region that is characteristic of the rad51A strain (Fig 4B). Importantly, although the Rad51-
K191A variant is unable to bind single-stranded DNA or form nucleofilament, 25 of 25 GCR
events mapping to SIRTA 9L-44 are de novo telomere addition events, again consistent with
this varijant retaining function in this assay (S1 Table). In the rad51-K191R strain, 19 of 25
events (76%) mapping to the SiRTA involve de novo telomere addition (S1 Table).

Given these results, we speculated that physical association between Rad51 and Rad52
might be required to prevent Rad52 from inhibiting de novo telomere addition at SiRTAs. To
test this hypothesis, we analyzed cells expressing the Rad51 variants Y388H and G393D,
shown by yeast two-hybrid and biochemical experiments to be defective for interaction with
Rad52 (but not with Rad54 or Rad55) [41,42]. We confirmed that the rad51-Y388H and
rad51-G393D proteins are expressed at levels equivalent to WT when integrated at the endoge-
nous locus, but do not co-immunoprecipitate with Rad52 (S5 Fig). As predicted, both the
rad51-Y388H and rad51-G393D strains show reduced GCR formation at SiRTA 9L-44 (Fig
4C) and increased relative GCR frequency in the centromere-proximal region (Fig 4D) com-
pared to a strain expressing WT RAD5]I. Finally, to confirm that other members of the RAD52
epistasis group are not required, we tested the effect of the rad51-L99P allele. The L99P muta-
tion disrupts interaction of Rad51 with Rad54 and Rad55 [41], but the interaction with Rad52
is retained (S5 Fig). The relative GCR frequency at both SIRTA 9L-44 and the centromere-
proximal region in the rad51-L99P strain is indistinguishable from WT (Fig 4C and 4D). Con-
sistent with this phenotype, 24 of 25 events mapping to SiRTA 9L-44 in the rad51-L99P strain
involve de novo telomere addition (S1 Table).
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Fig 4. The Rad52-dependent effects of Rad51 on telomere addition and micro-homology mediated repair require
the Rad51-Rad52 interaction. (A-D) The relative GCR frequency in SiRTA 9L-44 (A, C) or the centromere-proximal
region (B, D) is shown for the indicated strains. Averages and standard deviations are from three independent
experiments. Strains statistically different from the corresponding WT control strain by ANOVA with Dunnett’s
multiple comparisons test are indicated by asterisks. (E-F) The relative GCR frequency in SiRTA 9L-44 (E) or the
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centromere-proximal region (F) is shown for the indicated strains. Averages and standard deviations are from three
independent experiments. Values that are statistically different by ANOVA with Tukey’s multiple comparison test are
indicated by asterisks (*p<0.05, **p<0.01; ***p<0.001). Overall GCR frequencies of the strains analyzed in this figure
did not differ significantly from those frequencies measured in the RAD51 and rad5IA strains.

https://doi.org/10.1371/journal.pgen.1008608.9004

If interaction between the two proteins is critical, we would expect a mutation in Rad52
that disrupts interaction with Rad51 to reduce GCR formation at SiRTA, regardless of the sta-
tus of Rad51 (i.e. Rad51 would be incapable of blocking the negative effect of the Rad52 variant
on de novo telomere addition). We examined the effect of deleting Rad52 residues 409 to 412,
a mutation that disrupts DNA repair and the association of Rad51 with Rad52 (thereby elimi-
nating Rad52 mediator activity), but does not affect DNA binding, ssDNA annealing, or pro-
tein oligomerization by Rad52 [43]. Integration of the rad524409-412 allele at the RAD52
locus reduced the relative frequency of GCR formation at SiRTA 9L-44 to an extent similar to
deletion of RAD5]I (Fig 4E). Furthermore, combining this rad52 allele with a deletion of
RAD51 neither suppressed nor further reduced the relative frequency of GCR events at SiRTA
9L-44 (Fig 4E). Consistent with this observed reduction in relative GCR frequency at SiRTA
9L-44 in the strains expressing rad524409-412, we observed a decline in the fraction of SIRTA
events involving de novo telomere addition (75% in rad524409-412 and 66.67% in rad51A
rad52A409-412; S1 Table). Taken together, these results suggest that it is not formation of the
nucleoprotein filament or strand exchange by Rad51 per se that are required for de novo telo-
mere addition. Rather, Rad51 must interact with Rad52 to block the ability of Rad52 to inhibit
de novo telomere addition.

As described above, we see a strong correlation between those alleles that reduce GCR for-
mation at SiRTA and those that increase GCR formation in the centromere-proximal region.
The exception to this rule is rad52-A409-412, which does not significantly increase the relative
frequency of events in the centromere-proximal region (Fig 4F). Since our previous results
argue that effects at SIRTA and the centromere-proximal region can occur independently, we
conclude that the interaction between Rad51 and Rad52 serves to suppress formation of
microhomology-mediated rearrangements, although there is some context dependence to this
effect since we do not observe a statistically significant increase in the corresponding region of
chromosome 5 (Fig 2A and S1 Fig).

Defective checkpoint adaptation does not obligately reduce de novo
telomere addition at SiRTA

The genetic results presented above suggest that Rad52 can interfere with de novo telomere
addition at SiRTA, but that this effect is alleviated through the Rad52-Rad51 interaction.
Haber and colleagues reported the same genetic interaction between RAD52 and RAD51 in the
context of checkpoint adaptation [39]. Yeast cells subjected to a persistent DSB arrest in G2/
M, but eventually release from the checkpoint and proceed into the following cell cycle, even
in the absence of repair [39]. Cells lacking RAD51 have a moderate adaptation defect that is
suppressed by deletion of RAD52 and, as we observe for de novo telomere addition, suppres-
sion requires the Rad52-Rad51 interaction and is independent of Rad51-nucleoprotein fila-
ment formation [39]. We tested the adaptation phenotype of the WT, rad51A4, and rad51A
rad52A strains undergoing HO-induced cleavage on chromosome 9 by micro-manipulating
single unbudded cells immediately after transfer to plates containing galactose and counting
the number of cells per microcolony after 24 hours. We observed a significant reduction in the
average colony size in the rad51A strain compared to WT and this difference was partially res-
cued in the rad51A rad52A strain (Fig 5A and 5B). These differences were observed when the
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Fig 5. Adaptation-defective strains do not show consistently reduced GCR formation at SiRTA. Individual unbudded cells from
the indicated strains were micro-manipulated on an agar plate containing galactose (to induce HO endonuclease expression). After
24 hours, the number of cells in each colony was determined. (A) The average number of cells per colony after 24 hours is plotted

as an average and standard deviation of 3 or 4 independent experiments. Each experiment followed the growth of 11-18
micromanipulated cells. Values that are statistically different from WT by ANOVA with Tukey’s multiple comparisons test are
indicated by asterisks. All other pairwise comparisons are not significant. (B) Box and whisker plots show the median and 25 and
75% range of colony size for all micromanipulated cells analyzed in experiments summarized in A. Values that are statistically
different from WT by ANOVA with Tukey’s multiple comparisons test are indicated by asterisks. All other pairwise comparisons are
not significant. (C) The relative GCR frequency in SiRTA 9L-44 is shown for the indicated strains. (D) The absolute GCR frequency
in SiRTA 9L-44 is shown for the indicated strains from the same experiment shown in C. For C and D, averages and standard
deviations are from at least two independent experiments. Strains statistically different from the corresponding WT control strain by
ANOVA with Dunnett’s multiple comparisons test are indicated by asterisks (*p <0.05; **p<0.01; ***p<0.001; ****p<0.0001).

https://doi.org/10.1371/journal.pgen.1008608.9005

average colony sizes from 3-4 independent experiments were compared between strains (Fig
5A) and when the results of these independent experiments were combined (Fig 5B). Only
3.1% of the WT and 11.5% of the rad51A rad52A colonies contained 6 or fewer cells after 24
hours (p = 0.14), while 32.3% of the rad51A colonies contained 6 or fewer cells (p<0.0001
compared to WT, Fisher’s exact test). We conclude that cells lacking RAD51 display an adapta-
tion defect that is rescued by additional deletion of RAD52, although the magnitude of the
adaptation defect is smaller than reported by the Haber lab in a similar experiment (with HO
cleavage on chromosome 3) [39]. As expected from the low survival of all strains in response
to persistent HO cleavage, none of the micro-manipulated cells gave rise to colonies visible by
eye.

Despite the similarities in the genetic interactions, the effects that we observe on de novo
telomere addition do not appear to be an indirect consequence of the adaptation defect of the
RADA5]1 deficient strain. Strains lacking either the Ku complex or Tid1 are also adaptation-
defective through mechanisms distinct from that occurring in the absence of Rad51 [44,45].
We recapitulate this observation in our system, with strains lacking TID1 or YKU80 showing a
significantly reduced average colony size compared to WT (Fig 5A and 5B) and 25.0% and
24.1% of colonies containing 6 or fewer cells after 24 hours, respectively (p = 0.0006 and
p = 0.0007 compared to WT by Fisher’s exact test; below the Bonferroni corrected o-value of
p = 0.0125). However, despite the adaptation defect of these strains, we observe no significant
reduction in the relative GCR frequency at SiRTA 9L-44 in either tid1A or yku80A strains (Fig
5C), although we note that the absolute GCR frequency is decreased in the tid1A strain due to
a significant reduction in the overall GCR frequency in that strain (Fig 5D). Given the strong
parallels in the genetic observations between these two phenomena, it is possible that the
underlying mechanisms giving rise to both the de novo telomere addition defect and the adap-
tation defect in the absence of RAD51 are similar.
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In the absence of Rad51, Rad52 reduces recruitment of Cdcl3 to SiRTA
following a DSB

Both chromatin immunoprecipitation (ChIP) and immunofluorescence studies show

that the association of Cdc13 with DNA (following HO- or chemically-induced DSBs) is
stimulated by Rad51 [26,46]. We previously observed that high levels of de novo telomere
addition at SiIRTAs correlates with the ability of the SIRTA-stim sequence to bind Cdc13 and
that the effect of the stim sequence is mimicked by artificial recruitment of Cdc13 [20].
These observations suggest that reduced de novo telomere addition in the absence of RAD51
likely reflects reduced recruitment of Cdc13 to SiRTA sequences following an HO-induced
DSB.

To explore this possibility, we monitored recruitment of Cdc13 to the SIRTA 9L-44
locus by chromatin immunoprecipitation (ChIP). We found that while Cdc13 was
efficiently recruited in WT cells, recruitment was decreased 2-fold at the 4 hr (p<0.05)
and 3-fold at the 8 hr (p<0.0001) timepoints following HO induction in the absence of
Rad51 (Fig 6A). Recruitment of Cdc13 was not significantly affected in the absence of
Rad52 at the 4 hr timepoint (p = 0.17) and was modestly reduced compared to WT cells at
the 8 hr timepoint (p<0.01) (Fig 6A). As expected from our genetic results, deletion of
RAD52 completely suppressed the phenotype of the rad51A strain, with the double mutant
showing association of Cdc13 at levels indistinguishable from WT at both time points
(Fig 6A).

If reduced recruitment of Cdc13 observed by ChIP in the rad51A strain accounts for
reduced de novo telomere addition at SiRTA, then artificial recruitment of Cdc13 to SiRTA
should restore telomere addition in the absence of Rad51. To test this prediction, we utilized
a system in which the Stim sequence at SiRTA 5L-35 is replaced with two copies of the Gal4
upstream activating sequence (SiRTA 5L-35 2xUAS; Fig 6B) [20,24]. We previously showed
that cells containing SIRTA 5L-35 2xUAS undergo low levels of GCR formation within
SiRTA 5L-35, consistent with a requirement for the Stim sequence to achieve high levels of de
novo telomere addition. In the SiRTA 5L-35 2xUAS background, telomere addition can be
stimulated by expression of the Gal4 DNA binding domain (GBD) fused to Cdc13 (GBD-
Cdc13), while expression of GBD alone or a fusion of GBD with the telomere-binding protein
Rapl has no effect [20]. Furthermore, the ability of Cdc13-GBD to stimulate telomere addi-
tion requires the 2xUAS sequence [20]. To test the effect of forced Cdc13 recruitment in the
presence or absence of RAD51, SiRTA 5L-35 2xUAS cells (RAD51 or rad51A) were trans-
formed with a plasmid expressing either GBD alone or GBD-Cdc13. Consistent with our pre-
vious results, expression of GBD alone in the RADS51 strain supported a very low frequency
of GCR formation within SiRTA 5L-35 2xUAS, while GBD-Cdc13 stimulated GCR forma-
tion by 5- to 10-fold as measured by either the relative (Fig 6C) or absolute GCR frequency
(Fig 6D). When the same experiment was done in cells lacking RAD51, two effects were
observed. First, in SIRTA 5L-35 2xUAS cells expressing GBD alone, deletion of RAD51 did
not further decrease the frequency of GCR events at the SiRTA, suggesting that Rad51 is only
required in the presence of a functional Stim sequence. Second, expression of the
GBD-Cdc13 fusion protein rescued GCR formation in the rad5I1A strain to the same extent
observed in the RADS51 strain (Fig 6C and 6D). Southern blot analysis of events mapping to
SiRTA 5L-35 2xUAS confirmed that 95-100% of GCR events in all four strains involved de
novo telomere addition (S1 Table). These results are consistent with a model in which Rad51
contributes (perhaps indirectly) to the binding of Cdc13 to SiRTA sequences following HO-
induced DSBs.
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Fig 6. Rad51 promotes the recruitment of Cdc13 to SiRTAs. (A) ChIP analyses of Cdc13 binding at SiRTA 9L-44 in
WT, rad51A, rad524, and rad51A rad52A strains are shown for the indicated timepoints following induction of HO
cleavage. SIRTA 9L-44 IP signals are normalized to signal at the control AROI locus at the 0 hr timepoint (see
Methods). Within a given timepoint, strains that differ significantly from WT by ANOVA with Dunnett’s multiple
comparisons test are indicated. (B) Diagram of SiRTA 5L-35 showing the core and TG-stim sequences in an unaltered
strain (top). In the experimental strain used in panel C, the TG-stim sequence is replaced with two copies of the Gal4
upstream activating sequence (UAS; bottom). (C) The relative GCR frequency in SiRTA 5L-35 is shown for WT or
rad51A strains containing two copies of the Gal4-UAS sequence integrated in place of the SIRTA-Stim. Cells are
transformed with vector expressing GBD only (GBD) or vector expressing full-length Cdc13 fused to the Gal4 DNA
binding domain (GBD-Cdc13). Data are averages and standard deviations from at least three independent
experiments. Averages indicated by asterisks are statistically different from the corresponding GBD control strains by
ANOVA with Tukey’s multiple comparisons test. Average relative GCR frequencies measured in the presence of GBD
only or GBD-Cdc13 are not different between the WT and rad51A4 backgrounds. (D) The absolute GCR frequency in
SiRTA 5L-35 is shown in the indicated strains from the same experiments shown in panel C. Values are averages from
at least 3 independent experiments with standard deviation. Averages indicated by asterisks are statistically different
from the corresponding GBD control strains by ANOVA with Tukey’s multiple comparisons test. Average absolute
GCR frequencies measured in the presence of GBD only or GBD-Cdc13 are not different between the WT and rad514
backgrounds. (*p<0.05; **p <0.01; ***p<0.001; ****p<0.0001).

https://doi.org/10.1371/journal.pgen.1008608.9006
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Rad52-RPA interaction contributes to suppression of de novo telomere
addition at SiRTAs

Because the interaction of Rad52 with RPA-bound single-stranded DNA persists in the
absence of Rad51 [47], we speculated that the interaction between Rad52 and RPA might be
important for the ability of Rad52 to inhibit de novo telomere addition. To address this possi-
bility, we tested the effect of a mutation in RFA1, the gene encoding the largest subunit of the
RPA complex. We chose an allele (rfal-44) that is defective in DSB repair and HO-induced
gene conversion and is sensitive to both X-ray and UV irradiation, but does not appear to
affect DNA replication since cell growth is relatively unaffected in the absence of DNA damage
[48]. The effects of this allele are epistatic with rad52A4 and suppressed by overexpression of
Rad52, consistent with the mutation disrupting interaction between Rad52 and Rfal [49]. A
RAD5] strain carrying the rfal-44 mutation at the endogenous RFAI locus showed no change
in the relative GCR frequency at SiRT'As 9L-44 or 5L-35 compared to WT (Fig 7A). Remark-
ably, in the absence of RAD51, the rfal-44 mutation restores the relative frequency of GCR for-
mation at both SiRTAs 9L-44 and 5L-35 (Fig 7A) in a manner equivalent to the complete
knockout of RAD52 (compare with Fig 1B). Furthermore, the rfal-44 rad51A strain no longer
shows the striking increase in relative GCR frequency in the region centromere-proximal to
SiRTA 9L-44 seen upon deletion of RAD51 alone (Fig 7B). We note that the rfal-44 strain
incurs GCR events at an overall frequency approximately ~6-7-fold higher than the WT strain,
with 20 of 27 events analyzed by Southern blot showing telomere addition (76%). A similar
increase in GCR frequency has been reported for other rfal alleles [50]. However, the overall
GCR frequency in the rad51A rfal-44 strain is only slightly higher than the WT range and 24
of 29 GCR events at SIRTA 9L-44 (83%) involve telomere addition. As a consequence, the
same patterns described above are still observed when the data are presented as absolute GCR
frequencies (Fig 7C and 7D). These results show that the interaction between Rad52 and RPA
must be retained for the inhibitory effect of Rad52 on de novo telomere addition.

Discussion

In work described here, we find that Rad51 stimulates de novo telomere addition at SiRTAs,
endogenous TG-rich sequences previously shown to support unusually high levels of telomere
addition [20]. It was previously speculated that formation of the Rad51 nucleoprotein filament
on resected 3’ ends may facilitate recruitment of telomerase to DSBs [26], but our data are
inconsistent with this model. Surprisingly, we find that Rad52 is not required for de novo telo-
mere addition at SiRTAs (Fig 1B and S1 Fig). Indeed, Rad51 nucleoprotein filament formation
is dispensable for telomere addition since a variant of Rad51 that cannot bind single-stranded
DNA retains normal levels of de novo telomere addition (Fig 4A). Furthermore, de novo telo-
mere addition is restored by the simultaneous deletion of RAD51 and RAD52 (Fig 1B and S1
Fig). This epistatic relationship suggests that Rad52 suppresses de novo telomere addition at
SiRTAs in a manner that is normally counteracted by Rad51. Our results further show that
interaction between Rad51 and Rad52 is required for this regulatory function. Variants of
Rad51 that retain DNA binding but are defective for interaction with Rad52 fail to sustain de
novo telomere addition, as does a mutant version of Rad52 that cannot interact with Rad51
(Fig 4C and 4E). This effect is specific to Rad51 and Rad52, since loss of Rad59, a protein that
shares homology with the N-terminal domain of Rad52 but lacks the C-terminal Rad51-inter-
acting domain, neither affects de novo telomere addition nor suppresses the effect of deleting
RAD5]1 (panel A in S2 Fig and Fig 3B). Likewise, mutations in other RAD52-epistasis group
genes (RAD54 and RAD57) do not consistently reduce telomere addition at SiRTAs (panel A
in S2 Fig).
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Fig 7. Disruption of the Rad52-Rfal interaction suppresses the de novo telomere addition defect of rad51A. (A) The relative
GCR frequency in SiRTA 9L-44 and 5L-35 is shown for the indicated strains. (B) The relative GCR frequency in the region
centromere-proximal to SIRTA 9L-44 is shown for the same experiments presented in panel A (left graph). Averages and standard
deviations are from three independent experiments. Averages indicated by asterisks are statistically different by ANOVA with
Tukey’s multiple comparisons test. (C, D) Because the GCR frequency of the rfal-44 strain is significantly higher than WT on both
chromosomes 5 and 9, the absolute GCR frequency in each region of chromosome 9 (C) or 5 (D) is shown from the same
experiments as panel A. Values are averages from three independent experiments with standard deviation. Results for the WT,
rad51A, and rad51A rfal-44 strains are shown on a different scale underneath. Statistical significance is only shown on the rescaled
graph. For the centromere-proximal and SiRTA regions only, averages were compared to the WT sample in that same region by
ANOVA with Dunnett’s multiple comparisons test (*p <0.05; **p<0.01; ***p<0.001; ****p<0.0001).

https://doi.org/10.1371/journal.pgen.1008608.9007

The Chartrand group has reported that that the intranuclear trafficking of the telomerase
(TLC1) RNA is modulated in G2/M phase in response to DNA damage [46]. While TLC1
RNA is predominantly nucleolar in G2/M, nucleoplasmic localization increases moderately in
response to DNA damage [46]. Rad52 enforces nucleolar localization, which may sequester tel-
omerase from double-strand breaks. In contrast to cells lacking Rad52 function, which display
increased nucleoplasmic localization of TLCI after DNA damage, cells lacking RAD51 show
little relocalization of TLC1 RNA to the nucleoplasm [46] and association of Cdc13 with DNA
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damage-induced foci is reduced [26,46]. However, while we observe that rad52A is epistatic to
rad51A for de novo telomere addition (Fig 1B), the TLC1 RNA localization phenotype of the
rad51A strain is epistatic to that observed upon loss of RAD52 [46]. This difference suggests
that the effects we see on de novo telomere addition at SiRTAs in the absence of RAD51 and/or
RADS52 cannot be explained by changes in the intranuclear localization of telomerase.

Our data suggest that telomere addition is reduced at SiRT'As in the absence of Rad51 func-
tion as a consequence of reduced Cdc13 association with the double-strand break. We find by
ChIP that the association of Cdc13 with sequences near the SiRTA on chromosome 9 increases
after induction of a double-strand break in WT cells and that binding, while reduced upon
deletion of RAD5], is rescued by the deletion of RAD52 (Fig 6A). Importantly, recruitment of
the Cdc13-GBD fusion protein completely suppresses the telomere addition defect of the
rad51A strain (Fig 6C), supporting the conclusion that defects in Cdc13 association underlie
the reduction in de novo telomere addition observed in the absence of Rad51.

How does Rad52 interfere with telomere addition in the absence of Rad51? Based on several
in vitro observations, we propose the following explanation for our results. Single-molecule
experiments reported by the Greene and Sung laboratories show that the association of Rad52
with RPA-coated single-stranded DNA alters the binding properties of RPA [51]. When
bound to ssDNA, the RPA complex undergoes transient “micro-dissociation” events that facil-
itate exchange with other single-stranded DNA binding proteins [52,53]. Remarkably, addi-
tion of Rad52 stabilizes the association of RPA with the DNA, rendering RPA resistant to
displacement by other proteins in a manner that appears to require direct protein-protein con-
tact between RPA and Rad52 [51]. As expected, addition of Rad51 triggers the Rad52-me-
diated replacement of RPA with Rad51, although some RPA and Rad52 remain associated
with the Rad51 nucleoprotein filaments [51]. Perhaps, when Rad52 interacts with RPA in the
absence of Rad51, Cdc13 cannot easily displace RPA. Recruitment of Cdc13 to the SiRTA
through binding to the Gal4 UAS (which must happen while the DNA remains double-
stranded) would be expected to overcome this deficit, as we observe. We also find that the
rfal-44 variant of RPA prevents Rad52 from inhibiting de novo telomere addition in the
absence of RAD51 (Fig 7), consistent with data showing that this mutation reduces the interac-
tion between Rfal and Rad52 [48,49].

The single-molecule experiments do not directly address the requirement for the
Rad51-Rad52 interaction, nor whether Rad51 protein that lacks the ability to bind DNA can
still alter the interaction between Rad52 and RPA. In this regard, Sugiyama and Kantake report
that RPA-coated ssDNA is aggregated by the addition of Rad52 in a manner that requires the
interaction between Rad52 and Rfal [54]. Although it is not entirely clear what these interac-
tions represent, Rad51 leads to the dissolution of the aggregate, even when Rad51 is pre-bound
to dsDNA and does not replace RPA on the ssDNA. These results may provide an explanation
for the ability of a Rad51 variant that itself cannot bind ssDNA to disrupt the inhibitory effect
of Rad52 on de novo telomere addition, perhaps by altering the interaction of Rad52 with RPA
and/or the ability of Rad52 to self-associate.

Although we were initially interested in understanding the influence of HR-associated pro-
teins on de novo telomere addition, we observed a striking increase in the fraction of repair
events occurring internal to the SiRTA on chromosome 9 upon deletion of RAD51, suggesting
that these events are normally inhibited by Rad51 function (Fig 2A). This change does not
result directly from reduced repair at the SIRTA because complete deletion of the SIRTA
sequence is not associated with increased repair in the centromere-proximal region (Fig 2B).
Furthermore, the effects at the SIRTA and the internal region are genetically separable—dele-
tion of RAD59 in the rad51A background suppresses the events in the centromere-proximal
region, but does not restore telomere addition at the SiRTA (Fig 3B).
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To gain insight into the nature of these events, we used nanopore technology to sequence
the entire genomes of twelve independent survivors of HO cleavage (in a rad51A background).
Three of the events were non-reciprocal translocations that in each case were mediated by
small (<25 bp) regions of microhomology (Fig 3A). Since the intact chromosome was detected
in each case and all events occurred within 75 kb of a telomere, these events likely arose
through BIR, a repair event in which single-stranded DNA produced on the proximal side of a
DSB invades a homologous duplex with subsequent extension of the 3’ end in a conservative
manner using the invaded strand as template [13]. Consistent with this idea, we find that the
increase in centromere-proximal events in the rad51A4 background depends strongly on
RAD52, RAD59, and POL32 (Figs 2A and 3B-3D), all genes shown previously to contribute to
BIR [34,37].

The most common event observed was an internal deletion, with eight of twelve strains
showing the identical event, again between a short (19 bp) region of imperfect micro-homol-
ogy. Having identified this deletion, we analyzed a large number of centromere-proximal
events accumulated from the experiments described here and found that the frequency of this
particular deletion increases dramatically in the absence of RAD51. While it is formally possi-
ble that the large internal deletions on chromosome 9 are mediated by BIR (with an intrachro-
mosomal invasion event), we favor the idea that these events occur through a variation of
microhomology-mediated recombination (MHMR) characterized in detail by Villarreal et al.
on model substrates [36]. Such events resemble SSA, but are distinguished by the use of very
short (15-18 bp) regions of microhomology and strong dependence on POL32. Congruent
with our observations, RAD52 and RAD59 were shown to stimulate MHMR when micro-
homologies are 15-18 bp in length, while RAD51 represses these events [36]. Remarkably, the
39 kb deletion is the result of repair between two micro-homologous sequences that are located
12 kb proximal and 27 kb distal to the site of HO cleavage, demonstrating that such events can
occur even after extensive 5’ end resection. Our observation that interaction between Rad51
and Rad52 is required to fully repress these SSA-like events is consistent with in vitro experi-
ments demonstrating that interaction with Rad51 suppresses the DNA-annealing activity of
Rad52 [36].

It is intriguing that we do not see a significant increase in centromere-proximal events on
chromosome 5. This difference may reflect the relative sizes of the two regions (the distance
between the SiRTA and the first essential gene is nearly two times greater on chromosome 9;
Fig 1A) or the fortuitous existence of microhomologies. We note, however, that all of the
events we sequenced on chromosome 9 have proximal breakpoints within 5 kb of each other,
even though the centromere-proximal region is nearly 17 kb. This observation is reminiscent
of a report from the Haber lab of an enhancer on chromosome 3 that greatly stimulates SSA
within a neighboring region [55]. On chromosome 3, the enhancing sequence was mapped to
a 200 bp region adjacent to, but not including, an origin of replication [55]. There is no origin
reported in the region immediately proximal to the breakpoint junctions and no obvious
sequence homology with the enhancer on chromosome 3. Future studies are required to deter-
mine if such enhancing activity is present on chromosome 9.

Methods

Yeast strains and plasmids

All strains used in this study are listed in S2 Table and are derivatives of YKF1308 and
YKF1310 [20,29]. Unless otherwise indicated, strains were grown in yeast extract/peptone/
dextrose medium (YEPD) at 30°C. All gene deletions were derived by one-step gene replace-
ment using a selectable marker and verified by PCR.
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Mutations in the RADS51 gene (rad51-Y388H, rad51-G393D and rad51-L99P) were intro-
duced by replacing a portion of RAD51 with URA3 in strain YKF1508 by one-step gene
replacement to create strain YKF1508+URA3. Sequences containing desired mutations were
generated by a two-step PCR reaction and PCR products were transformed into YKF1508
+URA3. Cells were allowed to recover on rich media overnight and then replica-plated onto
medium containing 5-FOA. Candidates were confirmed by sequencing.

RADS52, RFAI, rad51-K191A and rad51-K191R alleles were constructed utilizing the
CRISPR-Cas9 cleavage system. gRNAs were designed and cloned into a BpII-digested plasmid
bRA90 constitutively expressing Cas9 [56] (a gift from Dr. James Haber). Plasmids were veri-
fied by PCR and co-transformed into yeast strains with PCR-derived linear DNAs containing
the desired mutations. Candidates surviving selection for the bRA90 plasmid were verified by
sequencing and screened for loss of bRA90 prior to use.

Inducible HO cleavage assay

Yeast cells were grown overnight in synthetic complete media lacking uracil (SC-Ura) contain-
ing 2% raffinose to ODggq of ~0.6 to 0.8. 10-30 pl aliquots of culture were plated on yeast
extract/peptone medium containing 2% galactose (YEPG) and a dilution was plated on rich
medium containing 2% glucose (YEPD) to determine total viable cell count. Unless otherwise
noted, plates were incubated at 30°C for 3 days. Surviving colonies were counted and at least
100 galactose-resistant (Gal®) colonies were patched to plates containing 5-FOA to isolate
GCR events (Gal® 5-FOAR colonies). Additional Gal®5-FOAR colonies were obtained by rep-
lica plating where necessary. For each experiment, at least 30 Gal® 5-FOA® colonies were ana-
lyzed to determine the approximate location and/or type of GCR event; averages and standard
deviations were derived from a minimum of three independent experiments except yku80A
where two experiments were analyzed. The location and nature of GCR events were deter-
mined by PCR and Southern blotting as previously described [20] and as described below. The
relative frequency of GCR formation in a particular region is determined by dividing the num-
ber of events observed in that region by the total number of Gal® 5-FOA events. The absolute
frequency at which GCR formation occurs in a particular region is derived by multiplying the
frequency at which Gal® colonies are produced (surviving colonies on galactose plates/surviv-
ing colonies on glucose plates, adjusted for dilution) by the fraction of Gal® colonies that sur-
vive on media containing 5-FOA (Gal® 5-FOA®) and by the fraction of Gal® 5-FOA® colonies
that map to that particular region (the relative frequency of GCR formation) [20]. The overall
GCR frequency is achieved by multiplying the frequency of Gal® colonies by the fraction of
Gal® colonies that survive on media containing 5-FOA (Gal® 5-FOAR). See Fig 1C.

For each experiment, the overall GCR frequency for each strain was compared with the fre-
quencies obtained in multiple measurements of the RAD51 and rad51A strains following cleav-
age of the appropriate chromosome. When values are not statistically different by ANOVA
with Tukey’s multiple comparisons test, then relative GCR frequencies of events in the centro-
mere-proximal and SiRTA regions are presented. In cases where significant differences are
observed, absolute GCR frequencies are additionally presented. Overall GCR frequencies are
given in S2 Data.

Southern blotting

Total genomic DNA was extracted by glass beads lysis [57]. Extracted DNA was digested over-
night with Nsil (New England Biolabs) or AlwNI (NEB) to analyze events occurring at SIRTA
9L-44 or 5L-35 respectively or Xhol (NEB) to analyze endogenous telomeres. Digested frag-
ments were separated on a 0.7% agarose gel and subsequently denatured. Denatured fragments
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were transferred to nylon membrane (Amersham Hybond N+; GE Healthcare) overnight and
prehybridized for several hours. Pre-hybridized membranes were probed overnight with [**P]
dCTP-labelled, random-primed DNA derived from PCR amplification of the SIRTA 9L-44
locus or telomeric DNA to detect SIRTA 9L-44 or endogenous telomeres respectively. In some
cases, membranes were stripped by boiling in 0.1% SDS solution and reprobed with telomeric
DNA to detect endogenous telomeres. Following hybridization, membranes were washed and
exposed to Phosphor screens (Molecular Dynamics) and screens were scanned with Typhoon
TRIO variable mode imager (GE Healthcare). Primers used to generate probes for Southern
blot analysis of GCRs are listed in S3 Table.

Identification of chromosome breakpoints

Genomic DNA was isolated using the MasterpureTM Yeast DNA purification kit (Lucigen)
and sequenced using MinION technology from Oxford Nanopore at VANTAGE (Vanderbilt
Technologies for Advanced Genomics). Libraries from twelve samples were generated for
MinION sequencing using the Rapid Barcoding Kit (RBK-004) per manufacturer’s instruc-
tions (Oxford Nanopore). Sequencing was performed on a total of 3 flow cells (type R9.4.1).
Sequences were demultiplexed using porechop v0.2.4 (https://github.com/rrwick/Porechop)
with default settings.

Sequence reads were analyzed with tools available at UseGalaxy.org. Briefly, each dataset
was converted to a BLAST database using NCBI BLAST+ makeblastdb [58,59], which allowed
a list of reads matching chromosome 9 sequences centromere-proximal to the SiRTA to be
generated. Iterative BLAST searches with the tool in the Saccharomyces Genome Database
(SGD; https://www.yeastgenome.org) were used to pinpoint the site of the rearrangement and/
or to identify sequence reads containing intact chromosomes. Breakpoints were verified by
PCR. Primer sequences and additional information about each of the 12 clones can be found
in supplementary data (S1 Data). All sequence reads obtained have been submitted to the
NCBI Sequence Read Archive (SRA) under BioProject accession number PRJNA557764.

Chromatin immunoprecipitation

Yeast cells were grown in yeast extract/peptone with 2% raffinose to ODggo 0of 0.5 to 0.6. DSB
induction was achieved by adding galactose to a final concentration of 2%. At the indicated
timepoints, 50 ml of cells were removed and fixed in formaldehyde to final concentration of
1% at room temperature for 30 min. At later timepoints, cells were diluted with media to
maintain the initial ODgg reading. Quenching was done by adding glycine to a final concen-
tration of 125 mM for 5 min at room temperature. Cells were washed twice with ice-cold HBS
(50 mM HEPES at pH 7.6, 140 mM NaCl), frozen in dry ice and stored at -80°C. Cell pellets
were resuspended in 400 pl ChIP lysis buffer high salt (Santa Cruz Biotechnologies; sc-45001)
containing protease inhibitor cocktail (Roche; 1 tablet/5 ml ChIP lysis buffer) and lysed with
an equal volume of glass beads at 4°C by vortexing at maximum speed for 40 min. Cell lysates
were sonicated on the Covaris LE220 series with settings 450 peak power, 30% Duty factor,
200 cycles per burst for 15 min in AFA crimp-cap 130 pl tubes (Covaris) to yield an average
fragment size of 0.1 to 0.5 kb. Sonicated lysates were clarified by centrifugation twice (13, 000
rpm for 5 min, then 13,000 rpm for 15 min), supernatant was transferred to a new tube after
each centrifugation. A portion of the pre-IP extract was set aside as input sample. The remain-
ing extracts were incubated with 6 pg of anti-myc antibody (Roche; 11667149001) at 4°C
overnight. Protein-G magnetic beads (Life Technologies) were added to each sample and
incubation continued for 4-6 hours. Beads were washed 2 times with ChIP lysis buffer (Santa
Cruz Biotechnologies; sc-45000), 3 times with ChIP lysis buffer high salt (Santa Cruz
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Biotechnologies; sc-45001) and ChIP wash buffer (Santa Cruz Biotechnologies; sc-45002) at
4°C for 5 min each. Immunoprecipitated chromatin was eluted in ChIP elution buffer (50 mM
Tris-Hcl pH 7.5, 10 mM EDTA, 1% SDS, 200 mM NaCl) at 65°C for 30 min. Reversal of cross-
links was carried out at 65°C for 14 hr. All samples (pre-IP and IP eluates) were treated with
RNase for 1 hr at 37°C and proteinase K for 2hrs at 55°C. DNA was purified by phenol:chloro-
form:isoamy alcohol (24:25:1) extraction, followed by ethanol precipitation. Purified DNA was
resuspended in buffer EB (Qiagen) and used in qPCR reactions containing 1X SsoAdvanced
universal SYBR green supermix (Bio-Rad) and 500 nM of each primer. DNA in each sample
was quantified by comparison to a standard curve generated from a dilution of sonicated yeast
genomic DNA. qPCR reactions were carried out in a C1000 Thermal Cycler with CFX96 Real-
time System (Bio-Rad) and data were analyzed using CFX Manger software (Bio-Rad). Primer
sequences are provided in supplementary information (53 Table). The amount of IP DNA at
the SiRTA 9L-44 locus is divided by the respective time point input DNA from an independent
AROL1 locus to correct for the progressive loss of input DNA at the SiRTA locus. The IP SiRTA
9L-44/AROL1 input ratio at each time point is then normalized to the IP ARO1/Input ARO1
signal before HO induction [60,61].

Western blot

Strains were grown in YPD at 30°C to ODgqg ~1. Cells were washed once with cold ddH,0 and
TMG (10 mM Tris-Cl at pH 8, 1 mM MgCl,, 10% glycerol, 0.1 mM DTT) with 200 mM NaCl
and subsequently lysed with glass beads in 1X IP extraction buffer (Thermofisher Dynabeads
Co-immunoprecipitation kit, 14321D) supplemented with 1 mM MgCl,, 0.1 mM DTT and
200 mM NaCl. One complete, mini protease inhibitor tablet (Roche, 4693159001) was added
to each 10 ml of lysis buffer. Extracts were normalized to 25 mg/ml and incubated with 4 pg of
anti-Rad51 antibody (Abcam 63798) overnight at 4°C. 80 pl of protein-G dynabeads (Thermo-
scientific) was added and incubation continued for another 5 hours. Beads were washed three
times with IP extraction buffer and once with 1X LWB (Thermofisher Dynabeads co-immuno-
precipitation kit) for 5 min. Immunoprecipitation beads were mixed with 2X Laemmli loading
buffer (Bio-Rad). 25 pul of immunoprecipitated beads (1/2 of total) was heated to 100°C for 5
min and supernatant separated on 7.5% Bio-Rad TGX stain-free gels. Proteins were trans-
ferred to membrane (Bio-Rad trans-blot mini PVDF transfer kit) using the Bio-Rad trans-blot
turbo transfer system. The membrane was blocked with intercept (TBS) blocking buffer
(LI-COR) for 1 hour at room temperature. The membrane was cut slightly below the 75 kDa
mark and the upper portion was incubated with anti-myc (1:1000 Roche, 1166714149001)
while the lower portion was incubated with anti-Rad51 antibody (1:2000, Abcam 63798) in
blocking buffer overnight at 4°C. Membrane was washed four times with 1X TBS-T followed
by secondary antibody incubation (LI-COR anti-mouse or anti-rabbit 680LT) used ata
1:10,000 dilution for 1 hour at room temperature. Membrane was washed four times with 1X
TBS-T and imaged on the Bio-Rad Chemidoc imaging system.

Adaptation

Adaptation experiments were performed essentially as described in [39]. Cells were grown
overnight in non-inducing medium [yeast extract-peptone (YP) with 2% raffinose] at 30°C
and spread on a YP 2% galactose plate. Single unbudded cells were micromanipulated in a
grid, plates were incubated at 30°C, and the number of cells per microcolony was counted at
24 hours after plating. A small number of cells that never divided were not included in the
analysis.
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Supporting information

S1 Fig. Loss of Rad51 alters the distribution of repair events in and centromere-proximal
to the SiRTA. (A) The relative GCR frequency in each region on chromosome 9 (left) or chro-
mosome 5 (right) is shown in the indicated strains. C, S, and T indicate centromere-proximal,
SiRTA, and telomere-proximal events, respectively. Data are from the same experiments
shown in Figs 1B and 2A. Values are averages of at least three independent experiments with
standard deviation. For the centromere-proximal and SiRTA regions only, averages were com-
pared to the WT sample in that same region by ANOVA with Dunnett’s multiple comparisons
test. (B) The absolute GCR frequency (see Fig 1C for calculation) in each region on chromo-
some 9 (left) or 5 (right) is shown in the indicated strains from the same experiments as panel
A. Values are averages from three independent experiments with standard deviation. For the
centromere-proximal and SiRTA regions only, averages were compared to the WT sample in
that same region by ANOVA with Dunnett’s multiple comparisons test (*p<0.05; **p <0.01;
“*p<0.001; ****p<0.0001).

(PDF)

$2 Fig. The distribution of GCR events is unaffected by loss of Rad54, Rad55, Rad57 and
Rad59. (A) The relative GCR frequency in SiRTA 9L-44 and 5L-35 is shown for the indicated
strains. (B) The relative GCR frequency in the region centromere-proximal to SiRTA 9L-44
and 5L-35 is shown for the same experiments in panel A. Averages of at least three indepen-
dent experiments are shown with standard deviation. Values statistically different from WT by
ANOVA with Dunnett’s multiple comparisons test are indicated by asterisks (*p <0.05). Over-
all GCR frequencies of the strains analyzed in this figure did not differ significantly from those
measured in the RAD51 and rad51A strains within the same chromosome region.

(PDF)

S3 Fig. Endogenous telomere lengths are not altered by deletion of RAD51 and/or RAD52.
Southern blot analysis endogenous telomeres in WT, rad51A, rad52A, and rad51A rad52A
strains. 9L-44 and 5L-35 indicate the YKF1752 and YKF1342 strain backgrounds, respectively
(S2 Table). The first and last lanes contain molecular weight marker as indicated.

(PDF)

S4 Fig. Southern blot analysis of GCR events occurring within SiRTA 9L-44. (A) Diagram
of the region of chromosome 9 surrounding SiRTA 9L-44 in a WT strain (top) or a strain that
has undergone de novo telomere addition at SiIRTA 9L-44 (bottom). Sites of cleavage by Nsil
and the probes utilized in panel B (SiRTA probe) and C (telomere probe) are shown. (B) A
Southern blot conducted on 17 independent GCR events that mapped to SiRTA 9L-44 by PCR
(lanes 2-18) was probed with a PCR product located immediately centromere-proximal to
SiRTA 9L-44 (see panel A). Lane 19 contains DNA isolated from a WT strain before HO cleav-
age. Lanes 1 and 20 contain molecular weight marker as indicated. Telomere addition events
are indicated with asterisks (*). (C) The same blot shown in B was stripped and reprobed with
a short fragment of yeast telomeric DNA. Although multiple bands are detected, the same frag-
ments indicated in panel B are evident (*).

(PDF)

S5 Fig. Association of Rad51 with Rad52 assayed by immunoprecipitation. Whole cell
protein extracts were generated from strains expressing the indicated RAD51 alleles. Strains
contained Myc-tagged RAD52 with the exception of the strain in lane 2. Left panel: Whole
cell extracts were probed with anti-Rad51 (top) or anti-Myc (middle) antibodies. Prior to
blotting, total protein load was assessed (bottom). Right panel: The same extracts were
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tom). Sizes of molecular weight markers are indicated (kilodaltons). The L99P strain contains
fewer Myc epitopes than the other strains as determined by PCR of the genomic DNA, result-
ing in slightly faster migration of the Rad52-Myc protein.
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