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Abstract

Yeast Cdc13 protein (related to human CTC1) maintains telomere stability by preventing 5'-3
end resection. While Cdc13 and Yku70/Yku80 proteins appear to prevent excessive resection,
their combined contribution to maintenance of telomere ends across the genome and their relative
roles at specific ends of different chromosomes have not been addressable because Cdc13 and
Yku70/Yku80 double mutants are sickly. Using our PFGE-shift approach where large resected
molecules have slower pulse field gel electrophoresis mobilities, along with methods for
maintaining viable double mutants, we address end-resection on most chromosomes as well as
telomere end differences. In this global approach to looking at ends of most chromosomes, we
identify chromosomes with 1-end resections and end-preferences. We also identify chromosomes
with resection at both ends, previously not possible. 10-20% of chromosomes exhibit PFGE-shift
when cdc13-1 cells are switched to restrictive temperature (37 °C). In yku70A cdc13-1 mutants,
there is a telomere resection “storm” with approximately half the chromosomes experiencing at
least 1-end resection, ~10 kb/telomere, due to exonucleasel and many exhibiting 2-end resection.
Unlike for random internal chromosome breaks, resection of telomere ends is not coordinated.
Telomere restitution at permissive temperature is rapid (< 1 h) in yku70A cdc13-1 cells.
Surprisingly, survival can be high although strain background dependent. Given large amount of
resected telomeres, we examined associated proteins. Up to 90% of cells have >1 Rfal (RPA)
focus and 60% have multiple foci when ~30-40 telomeres/cell are resected. The ends are
dispersed in the nucleus suggesting wide distribution of resected telomeres across nuclear space.
The previously reported Rad52 nuclear centers of repair for random DSBs also appear in cells
with many resected telomere ends, suggesting a Rad52 commonality to the organization of single
strand ends and/or limitation on interactions of single-strand ends with Rad52.
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1. Introduction

Telomeres of all organisms provide protection of chromosomal ends from inappropriate
degradation, cell stress responses and they provide the opportunity for lengthening to
counteract inability to replicate completely both ends in a semi-conservative fashion. While
they are essential to organismal longevity, regeneration of telomeres is associated with
unlimited mitotic division and cancer [1]. The chromosomal ends of budding yeast
Saccharomyces cerevisiae have provided a structural model for understanding telomere
biology [2]. The telomeres consist of TG4_3 repeats (unlike the TTAGGG repeats in
mammalian cells) that range in size from around 250-350 bases. At the extreme ends, there
is a small, approximately 10-20 base 3" single-strand DNA (ssDNA) tail [3]. Several
proteins protect the ends from resection including Cdc13 (related to human CTC1) that
binds to sSDNA and coordinates several telomere activities (summarized in [4]), the Yku
heterodimer and Rap1, which bind to the TG repeats. Given that telomere DNA has features
that resemble DNA double-strand breaks (DSBs) and that many of the same proteins such as
the MRX complex and the Yku70/80 heterodimer associate with the two types of structures,
there has been a long-term interest in the metabolism of the two types of ends [5-7].
Interestingly, the resected end of the telomere resembles the early 5" to 3" resection step
first proposed for recombinational repair of DSBs [8].

While a great deal is known from a variety of organisms about telomere organization,
structure and protein functions, there is relatively little known about differences in protection
between the ends of individual chromosomes or between chromosomes (/.¢., global
changes). Also, there is no information about possible coordination of events between ends
of chromosomes. In the present study, we have extended our recent approaches for
addressing resection events at random DSBs induced by ionizing radiation to characterizing
global changes at telomeres in yeast. Since IR-induced DSBs are produced randomly in the
genome, the opportunity to characterize them in a population was challenging, especially
compared to molecular analysis of a single defined DSB. For this we developed the pulse
field gel electrophoresis shift assay (PFGE-shift) [8]. We showed that single-strand DNA at
either or both ends of large, double-stranded DNA molecules significantly reduces their
electrophoretic mobility during PFGE resulting in an apparent increase in size. Mung bean
nuclease treatment of plug samples was used to demonstrate that the PFGE-shift effect is
indeed due to extensive resection at the ends of large DNA molecules. For the PFGE
conditions used in this study, short resection tracks of ~200 bases or less are barely
detectable [9], but increasing the length of single-stranded ends up to ~3 kb progressively
increases the mobility shift to a maximum apparent increase in chromosome size of about 40
kb (for 1-end resections) and about 140 kb (for 2-end resections). Extensive resection
lengths greater than ~3 kb do not cause further increase in the apparent size of resected
chromosomes [8,10]. Importantly, this difference between the maximum PFGE-shift for 1-
end vs 2-end resections enables the assay to distinguish between 1-end and 2-end extensive
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resection events. With this system we were able to demonstrate that resection at the two ends
of a single, randomly produced DSB in a circular chromosome was coordinated and that we
could distinguish 1- end vs2-end resection in various mutants.

Based on these findings that enabled us to examine events and coordination at the two ends
of a chromosomal size linear molecule, we have turned our attention to events at the two
ends of telomeres. This is particularly interesting in light of possible associations between
telomere ends of chromosomes [11]. Since many of the linear 16 chromosomes of budding
yeast can be distinguished on a PFGE gel, we anticipated being able to address similarities
and differences between chromosomes in terms of 0, 1 or 2 ends of individual chromosomes
as well as a global opportunity to compare changes between chromosomes. Previous
approaches to addressing telomere resection were focused on small defined regions of
individual telomere ends using various amplification PCR-based approaches or to
amplification of single-strand regions with random primers (QAQOS [5,12]).

In this study, we address the impact of the Yku70 and Cdc13 proteins in protecting the
telomeres across the yeast genome and potential differences between chromosomes.
Previously, we demonstrated that in a cdcZ3-1 mutant, the resulting resection could lead to
PFGE-shift in some of the chromosomes in a population of cells [8]. However, we did not
address 1- vs2-end events as we had done for IR-induced DSBs [10]. Notably, we have
subsequently developed conditions and identified genetic backgrounds in which yku70A
cde13-1 double mutants were not synthetically lethal, allowing assessment of the total
contribution of each component to end resection of individual chromosomes as well as
globally. Earlier studies have reported incompatability between double mutants [13,14]. We
found that considerable protection is provided by the combined Yku70 and Cdc13 proteins.
In the absence of both proteins nearly 50-75% of chromatids experience at least 1-end
resection and about 25% are resected at both ends. Remarkably, in spite of such a high level
of resection in yku70A cdc13-1 double mutants at the restrictive temperature (37°), there
was nearly complete recovery of double-strand telomeres in less than one hour when cells
were returned to permissive temperature and, depending on the strain background, there was
little loss of survival.

With this system we also investigated associated appearance in single cells of Rad52 and
Rfal (subunit of RPA) foci that are expected to be associated with the resected ends. We
found that there is a corresponding increase in Rfal single-stranded DNA binding protein
foci with the large increase in resected telomere ends. However, while many cells have a
Rad52 focus there is typically only one per cell. Thus, using a combination of our PFGE-
shift approaches and single-cell protein analysis, we have been able to address resection of
telomeres globally and associated changes in protein associations with resected telomeres.

2. Materials and methods

2.1. Yeast strains, media, growth conditions and probes

Genotypes of all strains used in this study are listed in Supplementary Table S1.
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Construction of CG379 background strains DAG635 (MATa ade5-1 his7-2 leu2-3,112
trp1-289 ura3A canlid) and its cdc13-1 derivative DAG760 are described in [15]. From
DAG635 and DAG760, the dominant selectable marker hygromycin cassette (pAMX4) [16]
was used for deletion of £XO1, and the nourseothricin (natMX4) cassette for deletion of the
YKU70gene to generate double and triple mutants in the CG379 strain background.

For W303 background strains [17,18], cells endogenously expressing Rad52-YFP and Rfal-
CFP were crossed to yku70A and cdc13-1to obtain KBY583-1D, KBY647-2D, and
KBY823-6C. (All the W303 cells were RAD5+ and isogenic except for indicated
genotypes.) The cdc13-F684S allele (abbreviated in this study as cdc13-FS, [13]) was
introduced into KBY583-1D using plasmid pVVL5439 to generate JWW2024.1. The natMX4
cassette was used for deletion of the YKU70 gene for JWW2037.1 and JIWW2027.2.

For most PFGE-shift experiments, yeast cultures were grown at the 20 °C permissive
temperature to late log phase in YPDA media (1% yeast extract, 2% Bacto-Peptone, 2%
dextrose, 60 pg/mL adenine sulfate) containing 1M sorbitol (Amresco, Solon, OH).
Exceptions are found in the experiments described in Supplementary Figs. S2 and S3, which
test effects of 20 °C v523 °C with (YPD+SRB) and without 1M sorbitol, and also in Fig. 4
and Supplementary Fig. S5, for cells grown in synthetic complete (SC) medium [19]
containing 100 pg/mL adenine (AD) and 1M sorbitol (SRB) [SC+AD+SRB] as indicated in
the figure legends. For all experiments using SC, nocadazole was added at final
concentration of 15 pg/mL just before shifting from permissive temperature to 37 °C.
Additional 7.5 pg/mL nocodazole was added at 1 h intervals during the remainder of the
time course to compensate for degradation of nocodazole at 37 °C. Growth conditions for
live cell florescent microscopy are described below.

2.2. PFGE procedures

PFGE sample plugs were prepared as described previously [8]. Notl restriction enzyme
treatments of sample plugs in Supplementary Figs. S4E and S4F were described in [10]. All
PFGE separations were performed with a CHEF Mapper XA system (Bio-Rad, Hercules,
CA). Except for the 2D CHEF in Fig. 3, the CHEF Mapper was programmed in
autoalgorithm mode, 250-1400 kb, 24 h total run time, using 1/2 X TBE (44.5mM Tris,
44.5mM boric acid, 2mM EDTA) as running buffer. Gels were stained in Sybr® Gold
(Invitrogen) and images were photographed using a Kodak GelLogic 200 digital imaging
system. For the 2D CHEF shown in Fig. 3, the first dimension PFGE was performed as in
[10] except that the CHEF mapper was programmed in autoalgorithm mode, 250-2000 kb,
22 h. First dimension gel slices were removed and equilibrated in TE [10]. Each gel slice
was digested with 180 units of mung bean nuclease (Promega Corporation, Madison, WI) in
9 ml of reaction buffer (10X buffer provided by supplier) at 37 °C for 1 h. Reactions were
stopped on ice with 100mM EDTA, pH 8.0, and equilibrated in 100 ml TE (10mM Tris, pH
8.0, ImM EDTA) before running the 2nd dimension CHEF for 22 h, 250-2000 kb
autoalgorithm.
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2.3. Southern transfer hybridization

Southern transfers, probe preparations, 32P labeling and hybridizations were carried out as
described in [8]. Probes were prepared by PCR amplification of genomic DNA using
primers listed in Supplementary Table S2.

2.4. Brightfield microscopy

For visualization of yeast cells (see Supplementary Fig. S2) bright field images were
captured on a Zeiss AxioObserver Z1 fluorescence microscope (Carl Zeiss Inc, Oberkochen,
Germany) using a Plan-Apochromat 63x/1.40 Oil DIC M27. A 100W halogen lamp was
used for illumination and a Zeiss Axiocam MRm camera with the Zen Blue Software (Carl
Zeiss) was used to collect the images.

2.5. Live-cell fluorescent microscopy methods

W303 yeast cultures with genotypes indicated in the figure legends were grown in 5 ml SC
medium containing adenine (SC+AD; 100 pug/mL) and sorbitol (1 M) overnight at 23 °C.
After 24 h, the cultures were diluted 100-fold into (SC+AD+SRB) and incubated at 23 °C
for an additional 24 h to ODggg 0.3-0.4. Nocodazole was added to the culture at a final
concentration of 15 pg/mL. The cells were shifted to 37 °C for either 0, 3, 4, or 5 h and
prepared for microscopic imaging as described in [20]. Cells were visualized with a Nikon
TiE inverted live-cell system using a 100x oil immersion objective (1.45 numerical
aperture), a Prior Z-stage and a Photometrics HQ2 camera. Eleven Z-stack sections of 0.3
um were captured with the following exposure times: 800 ms for Rad52-YFP; 500 ms for
Rfal-CFP; and 60 ms for differential interference contrast. All images were processed
identically and analyzed using Nikon Elements software suite. The images were adjusted for
brightness and contrast using Adobe Photoshop.

3. Results

3.1. Cdcl3, but not Yku, prevents extensive global telomere resection

Previously, we showed that for all chromosomes that could be distinguished by PFGE, a
shift of~10% of the molecules could be detected within 3 h after shifting the cdc13-1 mutant
to the 37 °C restrictive temperature [8]. The frequency of shifted molecules in the population
appeared to be chromosome specific with about 10-20% of the Chrlll molecules showing an
“apparent” 40 kb shift. The previous findings are extended here to specific probing of Chr9
and Chr11 for cells held at 37 °C for 4 h where the frequency of resected Chr9 or Chrll
molecules in the population is also ~10-20%, as described in Fig. 1A and 1B. (Chrl, -3 and
—13 are included in experiments presented below.)

The Yku complex protects telomeres from limited resection and prevents telomere
shortening over multiple cell divisions [14]. However, unlike for cac13-1, we found no
observable resection based on the lack of PFGE-shift, as shown in the gel in Fig. 1A and the
Southerns in Fig. 1B. Since we previously showed that the limit of detectable resection by
PFGE-shift is in the range of ~200 bases [9], these global results along with previous
findings that the extent of resection in Yku mutants is small [21] suggest that in the absence
of Yku, there is little if any extended telomere resection across any of the chromosomes.
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(Note: because of their large sizes, PFGE-shift of Chr4 and Chr12 was not detectable under
the conditions used.)

3.2. YKu prevents extensive telomere resection across the genome in the absence of

Cdc13

Results with the single mutants led us to address the combined role of Yku and Cdc13 in
stabilizing telomere DNAS across the genome. Previous attempts to address the combined
role of these telomere end associated proteins have generally been hampered by the poor
growth of the double mutants at permissive temperatures (for example, [14]). However, we
discovered that double mutants in the CG379 genetic background that we had used
previously [8] exhibited good growth (described in Fig. 6 below) at permissive temperature,
thereby providing the opportunity to address the consequences of a combined Yku70 Cdc13
deficiency. As shown in Fig. 1A, there is a dramatic difference between the cdc13-1 single
mutant and the yku70A cdc13-1 double mutant. For Chr9 and Chrl1 nearly % of the
molecules in the double mutant, population exhibit PFGE-shift as detected with Southern
probing (Fig. 1B). The appearance of a band is due to a maximum shift as the resection
increases (which was previously described in [8]). If the distribution is random then the large
majority of molecules have at least one extensively resected end. Similar results were found
for Chrl in a separate experiment described in Supplementary Figs. S1A and B. (We note
that a slight amount of shifted molecules are detected occasionally prior to changing
temperature suggesting some capability for global resection at the permissive temperature in
the double mutant. Also, see results below for cells with the W303 background.)

Unlike, for the single cdc13-1 mutant, there was a second region of much slower PFGE-
shifted molecules for Chr9 and Chrl11, as seen in Fig. 1B and for Chrl in Fig. S1B. We
previously showed [10] that for the case of an IR or I-Sce | induced DSB in a circular
chromosome, the second band of slower moving molecules is due to molecules that are
resected at both ends (this is addressed further below in Fig. 3). However, a second band of
PFGE-shifted molecule was not found for Chr3 (Supplementary Figs. S1C and S1D), which
we suggest may be due to differences between telomere ends or subtelomeric regions
(addressed in the Discussion section). As described in Supplementary Fig. S1C, global
resection in the double mutant can be detected within 1 h after shifting to 37 °C. The
resected chromosomes appear stable up to 8 h (Supplementary Fig. S1B).

From these results, we conclude that most of the protection from extensive resection at
telomeres across the genome is due to Cdc13 and associated proteins. However, in the
absence of Cdc13, Yku has a major role in preventing global telomere resection.
Furthermore, our study provides the first demonstration that most telomere resection at the
ends of a chromosome is independent based on the absence of 2-ended events in cdc13-1
mutants and the minority of 2-ended events in the double yku70A cdc13-1 mutant. This
differs from our previous findings for resection at an induced DSB where resection between
the two ends is coordinated, giving rise primarily to 2-ended PFGE-shift patterns [10].
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3.3. Global telomere resection is also extensive in yku70A cdc13-1 cells with a W303
background

Many telomere studies have been done in the W303 background as well as studies on DNA
repair/recombination protein associations [17,18,22] However, unlike for the CG379
background, the yku70A cdel3-1 double mutants of W303 grow poorly even at permissive
temperature, which led us to identify conditions that would enable healthy growth of the
double mutants. As shown in Supplementary Fig. S2, we found that the poor growth of
freshly isolated double mutants on YPDA medium at 23 °C was associated with budded
cells that had a stressed appearance (including lysis) as compared to WT or either single
mutant. This led us to try sorbitol, commonly used to prevent lysis during preparation of
spheroplasts. The presence of sorbitol resulted in normal growth rather than accumulation of
cells with the G2 budding phenotype. (Since the yku70A4 cdc13-1 cells retained their lethal
interaction when returned to medium without sorbitol, the permissive growth conditions
were not due to accumulation of suppressor factors.)

As shown in Supplementary Figs. S3A and S3B, when yku70A cdc13-1 cells with the W303
background that had been maintained on YPDA+sorbitol were incubated overnight in
medium lacking sorbitol, even at 20 °C, there was a small amount of resected chromosomes
for all that could be identified on PFGE and specifically Chr9 and Chr11 (see scan in
Supplementary Fig. 3C). Shifting to 37 °C for 4 h resulted in large amounts global telomere
resection. Based on these results we chose to include sorbitol in all experiments including
those above (Fig. 1A and B) with the CG379 strain background, even though the CG379
cells did not show stress. These findings suggest additional factors, which could be pursued
in future studies, that can influence the impact of a combined Yku70 Cdc13 deficiency on
cell growth and survival.

As shown in Fig. 1C and D and Supplementary Figs. S4A and S4B, the results in the W303
cells with yku704, cdec13-1 or yku70A cdcl3-1 mutations were comparable to those for the
CG379 background cells including the 2-end resection for Chr9 and Chr11 (also see
Supplementary Figs. S5A and S5B for additional 2-end resection examples of Chr9 and
Chr11). The maximum resection was achieved by 3 h. The Chr3 (Supplementary Figs. S4C
and S4D) in the W303 yku70A4 cdcl3-1 strain exhibited the 2-end resection PFGE-shift
pattern observed for Chr 9 and Chrl1 (Fig. 1C and D). However, since Chr3 in the CG379
strain showed only 1-end resection (Supplementary Fig. S1D), telomere differences between
chromosomes and between strains can be detected with the PFGE-shift analysis.

Given the robustness of the PFGE-shift assay, we also established that we could address
events at the individual ends of a chromosome. Although PFGE-shift analysis of whole
chromosomes enables 1-end and 2-end extensive resection events to be distinguished, it does
not reveal if there is preferential protection from extensive resection at either the left or the
right telomere. To address this issue, we digested DNA in agarose plugs with Notl restriction
endonuclease followed by PFGE and Southern transfer and then hybridized the blot with
probes specific for Notl fragments containing either the left or right telomere of Chrl1.
Based on the Southerns and density analysis (Supplementary Fig. S4E and S4F,
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respectively), there is no clear preference for resection of either the left or right telomere of
Chrll in the cdc13-1or yku70A cdcl3-Istrains (W303 background).

3.4. Most of the global resection at telomeres of cdc13-1 and yku70A cdc13-1 mutants is
due to Exol

Much of the resection at individual telomeres has been reported to be due to Exol [23,24],
unlike for radiation-induced DSBs where there is considerable redundancy between Exol
and Sgs1/Dna2. We chose to examine specifically the global role of Exo1 since lack of
PFGE-shift in the nuclease deficient cells would be diagnostic of a prominent role in
resection. As shown in Fig. 2A for genomic analysis (SYBR gold stained gel) and Fig. 2B
that is specific for Chr9, the frequency of molecules that are shifted in the cdc13-1 strain
after 4 h at 37 °C is dramatically reduced by the exo14 mutation. The results are even more
dramatic for the yku70A cdc13-1 double mutant vsthe yku70A cdcl3-1 exolAtriple mutant.
Visually, along with a scan of the gels probed for Chr9 (Fig. 2C), the band indicative of the
2-end resection in the double mutant is almost absent in the triple mutant. There is a
corresponding increase in molecules with no apparent resection (~20% EXOI" vs~80%
exolA7). Thus, these findings extend previous reports on the role of Exol in telomere
resection to show that there are 1-end and 2-end resected chromosomes identified by PFGE-
shift and these are primarily due to Exol. The remaining, Exol indepedent resection is
likely due to Sgs1, which has also been shown to play a role in resection at uncapped
telomeres, especially in the absence of Rad9 [25].

3.5. Global chromosome differences in resection between 1-end and 2-end can be detected
by 2D PFGE-shift approaches

We developed a 2D PFGE approach to address further the global resection at the individual
chromosome level and to characterize the extent of 1-end and 2-end resected chromosomes.
Briefly, lanes in the first dimension were cut out (slices are above the 2D gels in Fig. 3) and
exposed to mung bean nuclease to remove ssDNA tails. The lane slices were then subjected
to PFGE in the second dimension. The bands of chromosomes with ssDNA tails that were
PFGE-shifted in the first dimension migrate only according to molecular weight in the
second dimension. Because of the nuclease digestion of the first dimension gel slice, they
will be shortened (compared to their chromosome counterparts that were not resected during
the 37 °C temperature shift) and will have greater mobility. In addition, because the 1-end
and 2-end resected chromosomes were separated from the 0-end chromosomes, this provides
the unique opportunity to quantitate the relative amounts of resected chromosomes and make
comparisons between chromosomes on the same gel.

As shown in the left image of Fig. 3, chromosomes from yku70A cdc13-1 cells (CG379
background) that were grown at the permissive temperature (20 °C) separated in both the
first and second dimension only according to size, generating a single diagonal of unresected
chromosomal spots in the second dimension separation. For the cdc13-1 cells shifted to

37 °C for 4 h (middle image of Fig. 3), all the chromosomes had a major spot and a minor
spot, which generated two diagonals, corresponding to 0-end and 1-end resection
chromosomal spots, respectively. These results contrast with the yku70A cde13-1 double
mutant cells that were shifted to 37 °C for 4 h (see right image of Fig. 3), where there are

DNA Repair (Amst). Author manuscript; available in PMC 2018 June 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Westmoreland et al.

Page 9

three diagonals of chromosomal spots. Most chromosomes showed three spots with the
slowest (PFGE-shift of 2-end resections) in the first dimension migrating the fastest (/.¢e.,
without PFGE-shift) in the second dimension, as expected, following mung bean nuclease
treatment of 2-end resected molecules from the 1st dimension lane slice. There were
individual chromosome differences in the relative amounts of 0-, 1- and 2-end resections. In
all cases there were more molecules with 1-end than 0-end resected chromosomes. For Chrl
and Chr6 most of the chromosomes were in the 1-end band in an approximate ratio of 1:2:1
(0-end; 1-end; 2-end), suggesting that around 75% of these chromosomes in the population
were resected. Consistent with results in Supplementary Fig. S1D, there was relatively little
2-end resection of Chr3. We also found that there was only a small amount, at most, of 2-end
resection of Chr5 and Chr10. As indicated in Supplementary Fig. 4B, there appeared to be
more Chr3 molecules resected in the W303 background than in the CG379 background, and
approximately 25% of them showed 2-end resection.

While the proportions of 1-end and 2-end resected chromosomes from the yku70A cdc13-1
cells varied, the PFGE-shift patterns indicate that the fraction of all chromosomes with at
least one resected end was greater than 50%. This corresponds to a minimum of 32 resected
ends per cell based on 32 chromatids and 2 ends each in the G,-arrested cells. When 2-end
resections are included and assuming random end-resection, over 40 ends out of 64 telomere
ends per G, cell are resected. Overall, this study provides the first measurement of the
number of resected ends and comparisons between mutants. (By way of comparison, a dose
of 12.5 krad to a G2 haploid would be expected based on our previous findings to result in a
similar number of DSB resected ends: 20 DSBs times 2 ends.)

As described in Supplementary Fig. S5, we were able to assess the lengths of resection of
the yku70A cdc13-1 chromosomes in Fig. 3 and Supplementary Fig. S5A. We found that
there is a linear relation between migration distance and molecular weight from Chr2 (825
kb) down to Chrl (250 kb) as shown in Supplementary Fig. S5B. This enabled us to
determine the size of the two-end resected molecules (orange dots) after mung bean nuclease
digestion of the single strand tails and PFGE in the 2nd dimension. For the seven
chromosomes with 2-end resections, the total amount of resection varied between 15-30 kb,
with an average of ~20 kb, corresponding to 10 kb/telomere end. Thus, in the absence of
protection by both Yku70 and Cdc13 proteins, most of the chromosomes experience
extended lengths of resection.

3.6. Allelic difference in resection between cdc13 mutant alleles

While the cdc13-1 temperature sensitive (ts) mutant has been commonly used to address
telomere stability and protection in yeast, the ts phenotype was proposed to be due to a
combination of natural high temperature sensitivity and the cdc13-1 defect [26]. Additional
cdc13mutants were isolated by the Lundblad lab that could specifically prevent growth at
lower temperatures. Among the mutants were those that had reduced amount of Cdc13
protein at nonpermissive temperatures. Since such mutants might have altered levels of
resection, we investigated one of them using our PFGE approach. Presented in Fig. 4A & B
are results for the cdc13-FSallele (which corresponds to the cdc13-F684S allele from [26])
and the cdc13-1 allele either as a single mutation or in combination with a yku 704 mutation.
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(These experiments with W303 cells, which were done in the defined SC+AD+SRB medium
used in the foci experiments below, yielded results similar to those in YPDA+SRB, as shown
in Supplementary Figs. S6A and S6B.) As compared to the cdc13-1 mutants, we found less
molecules that were extensively resected, possibly suggesting differences in retained binding
or telomere complex formation between the Cdc13-FS and the Cdc13-1 proteins. This was
useful for later experiments below where we wanted to address the consequences of a
reduced number of resected molecules. The findings also provide new approaches to
addressing allelic differences in genes that influence telomere stability.

3.7. Efficient telomere restoration after extensive telomere resection

Since over 50% of the chromatids in the yku70A cdc13-1 strains had extensively resected
telomere ends and many had resection at both ends by 4 h after shifting to 37 °C (Figs. 1 and
3), we investigated the ability to restore the resected molecules across the genome to the
double-strand state. The CG379 and the W303 cells growing at 20 °C in YPDA+SRB were
shifted to 37 °C for 4 h and then returned to 20 °C. As shown in Fig. 5, there was
considerable resection by 4 h at 37 °C with results comparable to those for the cdc13-1 and
Yku70A cde13-1 mutants in Figs. 1, 2 and 4. For the cdc13-1 single mutants in both genetic
backgrounds the restitution appeared to be complete by 1 h after pullback to 20 °C, at least
at the level that could be detected with the stained PFGE gel. For the double mutant, it
appeared that restitution was 80-90% complete within 1 h, possibly somewhat less in the
W303 background. Thus, in spite of the high frequency of extensively resected molecules,
there was efficient restitution across the genome. These findings are expected to provide
opportunities to address the nature of restitution and the role of various polymerases as well
as the possible role of recombination.

3.8. Effect of resection on survival in the CG379 and the W303 cells

The high frequency of chromosomes with at least 1-end resection in the yku70A cdcl3-1
strains after 4 h at 37 °C and subsequent efficient restitution when cells are returned to 20 °C
led us to investigate the impact on survival. Cells of the cdc13-1 and yku70A cdc13-1 in both
genetic backgrounds were grown to stationary phase in YPDA+SRB at 20 °C and were
diluted in fresh media and adjusted to a common titer of 107 cells/ml before shifting the
temperature to 37 °C for 4 h. (For the 0 h samples, a portion of each diluted culture was held
on ice during the time course.) Survival was assessed by 10-fold serial dilution prongings to
YPDA+SRB agar plates.

As shown in Fig. 6A and B, the plating efficiencies prior to raising the temperature were
comparable for all strains: WT, yku704, cdc13-1and cdel3-1 yku70A. After raising the
temperature to 37 °C for 4 h, there was an increase in titer and corresponding survival for the
WT and the yku70A single mutants. There was no apparent decrease in survival for the
cdcl3-1or cdel3-1 yku70A strains in the CG379 background. This contrasts with results for
the W303 background where there was a > 20-fold reduction in survival for the yku70A
cdc13-1but little change in the WT, yku70A or cdc13-Icells. Based on the results with
Yku70A cdel3-1 double mutant cells in the CG379 background, we conclude that short term
extensive global resection of telomeres is not per se a major threat to genome integrity. The
> 20-fold reduction in survival of the corresponding double mutant in the W303 background
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is due to unknown differences between the strain backgrounds, since there were comparable
levels of resection as well as restitution after return to permissive temperature. These
findings of high frequencies of resected ends and rapid restitution along with high survival
(as well as strain differences) can provide opportunities to address genetic factors that can
influence telomere maintenance.

3.9. Rad52 and Rfal protein associations with resected telomeres

The Cdc13 protein along with RPA and other proteins bind to telomere ends to protect them
and to coordinate end replication. Since we show here that there is considerable resection in
yku70A4 cdc13 double mutants involving most telomeres and that there is efficient restitution
at permissive temperature, we investigated the relationship between Rad52, Rfal (the largest
subunit of RPA) and resected telomeres. RPA associates strongly with ssSDNA and facilitates
DNA synthesis. The Rad52 protein also associates with ssSDNA and initiates early steps in
recombination leading to Rad51 filament intermediates [27—-29]. Given the high frequencies
of ssDNA we asked whether there was a corresponding change in Rad52 and Rfal
associations in single cells by examining foci formation. When multiple DSBs are induced
by radiation, there is primarily only one Rad52 focus per cell, or at most a few cells with
multiple Rad52 foci [30]. We assessed whether similar events occurred when many
telomeres are resected. As described above, there can be a large number of telomere
resection events per cell; however, Cdc13-dependent resection events at the ends of the same
chromosome are independent, unlike for IR-induced DSBs, where resection at the two ends
of the DSB is coordinated [10].

To address Rad52 and RPA foci formation in relation to telomere resection, we used W303
cells expressing YFP tagged Rad52 and CFP tagged Rfal that have been utilized in previous
studies that addressed induction and processing of DSBs and other DNA lesions [22]. To log
phase cells grown in SC+AD+SRB at 23 °C nocodazole (15 ug/ml final concentration) was
added and cells were transferred to 37 °C. The nocodazole assured all cells would arrest at
Go/M since WT and yku70A might continue growing at the high temperature. We used SC
+AD+SRB to better discern foci, although there were somewhat less resected molecules
compared to YPDA+SRB (Supplementary Fig. S6A).

Presented in Fig. 7A are pictures of the Rad52-YFP and Rfal-CFP foci after shifting cells
from 23 °C to 37 °C for WT and the various mutants. The frequencies are summarized in
Fig. 7B and C. We note that under all conditions, regardless of the mutant, Rad52 foci were
always merged with the Rfal foci, consistent with Rad52 interactions with RPA on ssDNA
for stable Rad52 binding [31]. Prior to the shift, ~5% or less of the WT cells had a Rad52
focus and 5-10% had an Rfal focus. There were no multiple Rad52 foci and at most a few
percent of cells had multiple Rfal foci. The nocadazole arrested WT cells exhibited no
increase in the frequency of Rad52 foci after 3-5 h at 37 °C. There did appear to be some
decrease in Rfal foci, which might be due to completion of unfinished replication.

The frequency of yku70A mutant cells with Rad52 and Rfal foci was ~2-fold more than for
WT cells prior to temperature shift. There was no change in Rfal following the shift to
37 °C suggesting no additional lesions that would lead to resection. This is consistent with
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the absence of PFGE-shifted molecules (Fig. 1). The temperature increase did lead to a
small increase in cells with Rad52 foci reaching ~15% of the cells.

The results for the cac13-1 mutant were markedly different from the WT and the yku70A
strains, although the incidence of foci at “0” time was similar for the yku70A and the
cde13-1 mutants. By 3 h, ~35% and ~65% of cdc13-1 cells had at least one Rad52 or Rfal
focus. At 5 h the percent of cells with a Rad52 focus increased to ~50%, with ~10% of the
cells exhibiting two Rad52 foci and few multiple foci (=3 foci). This contrasts with Rfal,
where the frequency of cells with at least 1 focus at 5 h increased to ~90% with nearly ~60%
cells having =2 foci and 40% of the cells having =3 foci.

The cdc13-1single mutant and the double mutant ykw70A4 cdc13-1 cells had similar
frequencies of Rad52 foci at 5 h after incubation at 37 °C, as was also found for the Rfal
foci although the number of extensive resection events is much larger in the double mutant.
However, while the frequencies of cells with foci were high at 3, 4, and 5 h for the double
mutant, it took until 5 h to reach the corresponding high levels of Rad52 and Rfal foci with
the single mutant. The number of cells with a Rad52 focus is far less than the number of 1-
or 2-end resected chromosome molecules in cells (Fig. 5). At most only 10% of the cdc13-1
or yku70A cdc13-1 mutants had two Rad52 foci. This contrasted with Rfal foci where the
frequencies of cells with multiple (=3) foci increased to nearly 40% for both the cdc13-1 and
the yku70A cdcl3-1 strains. However, the number of Rfal foci per cell is still much less than
the expected frequency of extensively resected molecules in the yku70A cdec13-1:~30-40/
cell, based on the frequencies of molecules that do not exhibit PFGE-shift.

Although similar frequencies of Rad52 and Rfal foci were found, respectively, in the
cdc13-1and yku70A4 cdel3-1 mutants, the frequencies of resected molecules were ~3-fold
less for the single cdc13-1 mutant for the chromosomes examined by Southern blot and
there were almost no 2-end resected molecules as shown in Supplementary Figs. S6A and
S6B. This led us to investigate cells with the cdc13-FSallele, since the incidence of resected
molecules at 37 °C was much less than for the cdc13-1 cells (Fig. 4). Based on the stained
gels and Southern analysis of Chrll, < 5% and ~10-20% molecules (i.e., 6-12 of 64
chromatids) were resected in the cdc13-FSand the yku70A cdcl3-FS strains, respectively. In
spite of the much lower frequencies of resected molecules, ~35% of the single mutant
cdc13-FS cells had a Rad52 focus and ~50% had at least one Rfal focus after 4 h at 37 °C
compared with ~40% and 70%, respectively, for the cells containing the cdc13-1 allele, as
described in Fig. 7B and C. The incidence of multiple Rfal foci was much less for the single
mutant cdc13-FS cells, consistent with the fewer resected molecules and, therefore, fewer
opportunities per cell for RPA/ssDNA formation. For the yku70A cdc13-FS cells, ~50% had
a Rad52 focus, which is comparable to that for the yku70A cdc13-1 double mutant, in spite
of fewer resected molecules and few cells had 2 or more Rad52 foci. The low numbers of
Rad52 foci and the few multiple foci for both double mutants, yku70A cdc13-1 and yku70A
cdc13-FS, is consistent with our proposed central location for repair of resected telomeres.
For the Rfal foci, the frequencies of cells with Rfal foci were ~85 to 90% for both double
mutants, with two thirds of them having multiple foci and 4-10% of cells with 7 or 8 Rfal
foci (Supplementary Table S3). Among the cells with 7 or 8 Rfal foci, none had 2 or more
Rad52 foci.
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In summary, both the single cdc13-1 and cdc13-FS defects can result in at least one third of
the cells accumulating Rad52/Rfal foci. This increases to nearly one half of the cells having
Rad52/Rfal foci for both the yku70A cdec13-1 and the yku70A cdcl3-FS mutants where
nearly 90% of cells have at least one Rfal focus and 60% have multiple Rfal foci.
Therefore, while the appearance of large numbers of Rfal foci is prevented by Cdc13, the
incidence of Rfal foci is not directly related to the number of extensively resected molecules
in the cdc13 mutants.

4. Discussion

The protection of chromosomal DNA is essential in all eukaryotes to assure genome stability
within and between generations. The ends of chromosomes are continual potential threats
that have been reckoned with by elaborate protein complexes that both deal with the
intricacies of end replication and prevent access to nucleases [32,33,21]. Here, using our
PFGE-shift approach and modifications of growth conditions we addressed globally the
extent of telomere protection provided by Cdc13 and Yku.

In WT and yku70single mutants, we did not detect PFGE-shifted chromosomes. Although
Yku has been shown to protect ends from resection and to assure telomere length over many
generations [14], in yku70single mutants the extent of resection is small, limited to the
region near the telomere tips [21]. This is consistent with our previous report that 300 kb
Chr3 molecules with less than a few hundred bases of resection are at the threshold of
detection by PFGE-shift, On the other hand, our global analyses of resection in cac13-1
mutants reflects previous measurements on individual chromosomes in that the lengths of
resection can be substantial. The extent of PFGE-shift is consistent with resection lengths in
the range of thousands of bases based on our previous findings with resection at DSB ends
[8] and also nuclease digestion of ends (Fig. 3). Based on Southern analysis and
comparisons with the stained gels, we are able to estimate that ~20-30% or ~6-9 chromatids
per Gy cdc13-1 cell experience long telomere end resection.

While the absence of Yku did not lead to PFGE-shift detectable resected chromosomes,
there was a rapid increase in the frequency of resected chromosomes reaching 60-70% by 5
h in the yku70A4 cdc13-1 cells after shifting to the nonpermissive temperature. Thus,
Yku70/80 provides considerable protection from extensive resection in the absence of
Cdc13, suggesting it can still associate with telomere ends in a cdc13-1 mutant.

The PFGE-shift approach also provided a unique opportunity to identify 1- and 2-end
resected molecules. Previously, we had shown that resection at the 2-ends of a DSB end was
coordinated and that in the absence of Rad50/Mrel1 most resected molecules had only 1-
end resected [10]. In the present experiments we found that nearly all telomere resection in
the cdc13-1 mutant was 1-end, suggesting independent resection of telomere ends of
chromosomes although there may be associations between telomeres [11]. The PFGE-
system allowed us to address the length of resection for 1-end and 2-end events. We found
that on average, there was about 10 kb resection per end within 4 h, which did not increase
over an additional hour. This is similar to what we found for resection at radiation-induced
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DSBs. It would be interesting to explore factors affecting resection and impacts on different
chromosomes.

Nearly all chromosomes had the potential to undergo at least 1-end resection. (The large
sizes of Chr4 and Chr12 precluded addressing PFGE-shift under the conditions used.) The
greatly reduced or lack of 2-end events for Chr3 in the CG379 strains could be explained by
reduced access to one of the two ends, an issue that would be interesting to pursue in future
studies. Based on close examination in Figs. 1 and 3, there appears to be a higher percentage
of nonresected Chr3 molecules than other chromosomes. As noted above, resection of
telomere ends differs between the CG379 and the W303 background in that for the W303
strain there is the appearance of 2-end events for Chr3 and there are less nonresected Chr3
molecules (compare Fig. 1A and C). Overall, these results demonstrate for the first time that
protection against telomere end resection can differ between ends, which has implications
for telomere metabolism along with individual telomere and chromosome stability. Factors
that might contribute to telomere differences in protection include variability in the telomere
TGj.3and the X and Y’ subtelomeric repeat regions as well as differences in Rap1 binding
and associated Rif1/Rif2 proteins [21,34].

Taking into account 1- and 2-end resected molecules, over 40 telomere ends per cell are
resected in the yku70A cdc13-1 at restrictive temperature. The large differences in survival
of yku70A cdc13-1 double mutants in the CG379 and W303 backgrounds despite efficient,
rapid restoration of double-strand telomere ends could be exploited to address factors that
influence potential biological consequences of resection, such as various repair mutants and
genes that affect telomere length [35]. For example, previously we had found that specific
telomere resection leads to increased regional mutation [15]. Also, there might be
differences in telomere recombinational activities. Using PFGE to address chromosomal
changes (cf. [36]), it would be interesting to address chromosome instability including
rearrangements and loss in diploid yku70A cdc13-1 mutants [8]. This system also provides a
good opportunity to address mechanisms and limitations of DNA synthesis at resected
telomeres including polymerases and nucleotide pools.

By combining measurements of foci formation with our results on global resection we were
able to relate the underlying Rad52 and RPA processes to frequencies of resected molecules.
The Rad52 and the RPA proteins associate with sSDNA to provide opportunities for
recombination and, in the case of RPA, it is important in resection [37] and for protecting
ssDNA. As expected, the Rad52 foci are always seen in association with Rfal foci, but not
vice versa, since the Rad52 is stabilized at RPA covered ssDNA substrates [31]. While
multiple radiation-induced DSBs lead to the appearance of Rad52 foci, typically there are
only 1 or 2 per cell [30]. A similar phenomenon of primarily just one focus was found in our
present study although the number of resected molecules differed considerably between the
cdc13-1and the yku70A cdel3-1 mutants, even when the frequency of resected molecules
was much lower in cells with the cdc13-FS allele. However, the average number of Rfal foci
is at least 2-fold higher than Rad52 foci with as many as 7 or more foci/cell (Supplementary
Table S3). Based on the average number of Rfal foci, the limitation on Rad52 foci is not due
to limited amounts of RPA at ssDNA. Our results suggest that there may be a Rad52
determined center that associates with the resected ends. Given our findings on the

DNA Repair (Amst). Author manuscript; available in PMC 2018 June 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Westmoreland et al.

Page 15

distribution of the Rad52 and RPA proteins, it would be interesting to address the influence
of these genes on survival when cells are returned to permissive conditions.

The finding of multiple Rfal foci (Fig. 7 and Supplementary Table 3) when there was only a
small per cent of extensively resected chromosomes per cell as found for the yku70A cdc13-
FSand the single cdc13-1 mutants (Fig. 4) indicates that resected ends may not be closely
clustered in the nucleus. Previous findings with foci in normal cells have indicated that
telomeres assemble into multiple clusters near nuclear pores [38]. Since telomeres are
anchored at nuclear pores, it would be interesting to address the nuclear organization of the
highly resected telomere regions and our observed single Rad52 focus in light of studies
with eroding telomeres in cells lacking telomerase [39].

Thus, in our global approach to addressing the roles of Yku and Cdc13 in protecting yeast
telomeres, we establish that most telomeres are subject to resection in their absence and that
the resection is not coordinated at individual chromosome ends, unlike for damage induced
DSBs. On its own, Yku appears to protect against localized [21] but not extended telomere
resection. However, it does protect against the potential for large-scale global resection in
cdc13 mutants. We show for the first time that even large numbers of resected telomeres, as
found in the yku70A cdec13-1 double mutants, can be rapidly repaired, resulting in high
survival and suggesting highly robust mechanisms for telomere protection.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Global resection of telomeres detected by PFGE-shift and protection provided by Cdc13 and

Yku70. (A) Cells in the CG379 strain background grown to late log at 20 °C (YPDA+SRB)
were diluted to fresh medium and shifted to 37 °C. Chromosomal DNA was examined using
the PFGE protocols described in the Material and Methods. The PFGE-shift was detected as
bands above the main chromosomal bands obtained with cells that were not raised to the
higher temperature. (B) Southerns of Chr9 and Chr11 from the gel of 1A probed with
respective 32P labeled probes. The line diagrams correspond to the relative positions of the
bands. For example, the lowest band for the double mutant is unresected DNA, the next band
up is for molecules with one or the other ends resected, and the upper band corresponds to
molecules with both telomeres resected. (C) and (D) comparable experiments except with
cells with the W303 background. Note the absence of PFGE-shifted chromosomes in the
WT and yku70A single mutant.
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Fig. 2.
The role of Exol in global resection at telomeres of cdc13-1 and yku70A cdcl3-1 mutants.

(A) Cells with indicated genotypes in the CG379 strain background grown to late log at

20 °C (YPDA+SRB) were diluted to fresh medium and shifted to 37 °C. Chromosomal
DNA was examined using the PFGE protocols (see Material and Methods). (B) Southern of
the gel shown in panel (A) using a 32P labeled Chr 9 probe. (C) The signal intensity profiles
of 0 h and 4 h timepoints from the Southern from panel (B) indicate the distribution of 0-, 1-,
and 2-end resected forms of Chr 9 for each strain. The line diagrams beneath each graph
indicate the positions (left to right) of the 2-end, 1-end, and 0-end resection peaks.
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2-D PFGE analysis along with nuclease treatment identifies gobal 0-, 1-, and 2-end resection
along with chromosomal differences. Lanes (horizontal slices) in the first dimension were
cut out from the PFGE gel and exposed to mung bean nuclease to remove ssDNA tails. The
lane is then subjected to PFGE in the second dimension. The bands of chromosomes with
ssDNA tails that were PFGE-shifted in the first dimension do not undergo PFGE-shift in the
second dimension. Because of the nuclease digestion, they are shortened compared to the
chromosome with no resection and will have greater mobility. Because the 1-end and 2-end
resected chromosomes were separated from the 0-end chromosomes, the relative amounts of
resected chromosomes can be approximately quantitated, as indicated in the inset.
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The influence of the cdc13-FSand cdc13-1in global resection of telomeres. Experiments
with the mutants in the W303 background were comparable to those in Fig. 1C and D except
that cells were cultured in synthetic defined media.
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Efficient and rapid restoration of telomeres following resection in cdc13-1 and yku70A

cdc13-1 cells having a W303 or CG379 background. Cells were grown to late log at 20 °C in
YPDA+SRB. They were diluted in fresh media and shifted to 37 °C for 4 h and then
incubated for 1-3 h (P1, P2 and P3) at 20 °C. Presented in (A) are the stained pulse field
gels and in (B) Southerns using Chr11 specific 32P labeled probe.
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Fig. 6.
Impact of telomere resection on survival of cdc13-1 and yku70A4 cdc13-1 cells with W303 or

CG379 background. W303 (in A) and CG379 (in B) Cells were grown to stationary (3 d) in
YPDA+SRB at 20 °C, diluted to 1x107 cells/ml in YPDA+SRB. A portion of each culture
was cultured at 37 °C for 4 h while the other portion was held on ice to be used as the 0 h
samples. At the end of the time course, 10-fold serial dilutions of all samples were done in
96-well plates, followed by pronging to YPD+SRB agar plates. Titers were not adjusted
after the 4 h incubation. (A) W303 background strain set. (B) CG379 background strain set.
The WT and yku70 CG379 strains continued to grow at the higher temperature, and the
relative increase based on hemacytometer counts are described.
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Fig. 7.
Appearance of Rad52-YFP and Rfal-CFP foci in WT and various cdc13-1 and cdc13FS

mutants experiencing global telomere resection. Logarithmically growing (W303
background) cells in SC+AD+SRB that express Rad52-YFP and Rfal-CFP were switched
from 23 °C to 37 °C and nocadazole (15 micrograms/ml) was added to arrest cells in G2
since WT and yku70A cells would continue growing. Nocadazole was added hourly at half
the amount to assure arrest. (These microscopy experiments correspond to the PFGE-shift
experiments in the right half of gel of Supplementary Fig. S6.) At the times indicated, cells
were harvested by centrifugation and large budded cells were examined for focus formation
by fluorescent microscopy with 11 z-stacks corresponding to 3 pm examined. A focus is
counted if the focus is observed in a minimum of 3 consecutive Z-planes. (A) Examples of a
single Z-stack showing cells with Rad52 and Rfal foci at 4 h after the switch to 37 °C. Note
that a Rad52 focus is always detected in association with a Rfal focus and typically only one
Rad52 focus is observed per cell. (B) Includes cells with the cdc13-1 allele. Presented are
results from two independent experiments. Total cells examined at “0” time was between
100 and 200. For 3-5 h the totals were between 200 and 300. (C) Rad52 and Rfal foci
determined in cells with the cdc13-FSallele at 4 h. Presented are results from three
independent experiments and a total of 400-500 cells examined.
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