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Abstract 20 

Telomeres cap chromosome ends with specialized chromatin composed of DNA repeats bound 21 

by a multiprotein complex called shelterin.  Fission yeast telomeres can be formed by cleaving a 22 

“proto-telomere” bearing 48 bp of telomere repeats to form a new stable chromosomal end that 23 

prevents the rapid degradation seen at similar DNA double-strand breaks (DSBs).  This end-24 

protection was investigated in viable mutants lacking telomere-associated proteins.  25 

Telomerase, the shelterin components Taz1, Rap1, or Poz1 or the telomere-associated protein 26 

Rif1 were not required to form a stable chromosome end after cleavage of the proto-telomere.  27 

However, cells lacking the fission yeast shelterin component Ccq1 converted the cleaved 28 

telomere repeat-capped end to a rapidly degraded DSB.  Degradation was greatly reduced by 29 

eliminating the nuclease activity of Mre11, a component of the Mre11-Rad50-Nbs1/Xrs2 30 

complex that processes DSBs.  These results demonstrate a novel function for Ccq1 to effect 31 

end-protection by restraining Mre11-dependent degradation.  32 
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Introduction 33 

Telomeres are specialized double-strand breaks (DSBs) at chromosome ends that facilitate 34 

their replication and prevent DNA degradation and activation of the DNA damage checkpoint 35 

(for review: [1–3]).  In many eukaryotes, telomeres consist of G-rich repeats synthesized by 36 

telomerase to form a tract of double-strand repeats with a 3’ single-stranded overhang.  37 

Specialized proteins bind to these repeats to form a complex called shelterin, which shows 38 

strong evolutionary conservation between mammals and the fission yeast 39 

Schizosaccharomyces pombe [2,4–6].  The telomere repeats and bound proteins can provide 40 

protection of the chromosome end and full replication in yeast and humans [7–9]. 41 

 42 

In S. pombe, the internal telomere repeats are bound by Taz1, which anchors Rap1 and its 43 

associated protein Poz1 in what is considered the double-strand binding complex (Fig. 44 

1)(analogous to the TRF1/TRF2-RAP1-TIN2 complex in human shelterin)[3,10].  Taz1 also 45 

interacts with Rif1, a protein conserved throughout eukaryotes with roles in telomere length 46 

regulation, DNA replication in fungi [10–13] and as a component of the DSB processing 47 

regulator Shieldin [14,15].  Deletion of any of these genes in S. pombe results in viable cells 48 

with elongated chromosomal telomere repeat tracts [10,16–18]. 49 

 50 

S. pombe telomeres end in a single-stranded 3’ DNA overhang bound by Pot1 [19].  Pot1 51 

interacts with Tpz1 and Ccq1, analogous to the mammalian POT1-TPP1 complex, which 52 

interact with Poz1 (Fig. 1)[18,20–22]  These proteins have important roles in protecting the 53 

telomere end from degradation, as cells born without Pot1 eventually die or circularize their 54 

chromosomes [19].  Cells lacking Tpz1 have a similar phenotype [18].  The phenotype of cells 55 

lacking Ccq1 is more complex.  Ccq1 helps recruit telomerase to the telomere via a TQ motif at 56 

amino acids 93-94 that is phosphorylated by the ATM kinases Rad3 or Tel1 and promotes 57 
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interaction with the telomerase subunit Est1 [23–25].  Cells in which Ccq1 has been deleted or 58 

the ccq1-T93A mutation introduced first slowly shorten their telomere repeats tracts.  After many 59 

generations (over ~80 doublings), the cells contain either circularized chromosomes or linear 60 

ones with very short telomere repeat tracts maintained by a telomerase-independent 61 

mechanism [26–28].  Finally, Ccq1 has another role as part of the histone-modifying complex 62 

SHREC, which is required for heterochromatin at the telomere and other loci [28,29]. 63 

 64 

One challenge in the analysis of telomere protein function and regulation of the length of the 65 

telomere repeat tract is the delay between making the mutation and analysis of telomeres.  66 

Mutations constructed by transformation or genetic crosses start with cells bearing normal 67 

length telomeres which then change during the ~30 generations of growth required to generate 68 

sufficient material for analysis of telomeric chromatin.  Mutations that convert telomeres to 69 

rapidly degraded DSBs are difficult to study with this approach.  Consequently, a system that 70 

can follow the modification of a short telomere tract in real time can provide additional, important 71 

information about the requirements for distinguishing a telomere from an internal chromosomal 72 

DSB. 73 

 74 

We recently developed an inducible telomere formation system in S. pombe using the I-SceI 75 

homing endonuclease [30].  The system uses “proto-telomere” cassettes bearing either a tract 76 

of 48 bp of S. pombe telomere repeats (named 2R-48 bp) or a 0 bp (2R-0 bp).  Induction of 77 

transcription of I-SceI induces a DSB to expose the 48 bp telomere sequence at 2R-48 bp or 78 

create a DSB at 2R-0 bp (Figs. 2A, S1).  The cleaved 2R-48 bp cassette immediately gained 79 

telomere function as the end was protected and elongated to a full-length telomere, while the 80 

DSB at the 2R-0 bp cassette was degraded [30].  Consequently, the 2R-48 bp and 2R-0 bp 81 

proto-telomere system provide a strong model to investigate how telomere-repeat capped ends 82 

are distinguished from a DSB. 83 
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 84 

Following telomere formation at the cleaved 2R-48 bp proto-telomere in viable mutants lacking 85 

telomerase or telomere-bound proteins revealed a novel function for Ccq1 in distinguishing 86 

telomeres from DSBs.  The cleaved 2R-48 bp proto-telomere was rapidly degraded in ccq1∆ 87 

cells, similar to a DSB.  This ccq1∆ rapid degradation phenotype was distinct from a ccq1 88 

mutation that blocked telomerase recruitment but was very similar to a tpz1 mutation that 89 

interferes with Ccq1 recruitment to telomeres.  The immediate degradation of the cleaved 2R-48 90 

bp telomere in ccq1∆ cells was relieved by eliminating the nuclease activity of Mre11, a 91 

component of the DNA damage checkpoint complex MRN/X that processes DSBs.  Thus, Ccq1 92 

prevents Mre11 from stimulating DNA degradation at the newly formed short telomere. 93 



 p. 6 of 43 

Results 94 

Telomere formation in cells lacking the double-strand DNA binding components of 95 

shelterin leads to a constant rate of telomere elongation to longer, steady-state lengths. 96 

The inducible telomere formation system consists of the I-SceI endonuclease under the control 97 

of an ahTET-inducible promoter proto-telomeres placed 3’ to the gal1+ locus (Fig. S1)[30].  98 

Inducing I-SceI production results in cleavage of the control 2R-48 bp telomere after 1 hour (h) 99 

followed by addition of telomere repeats to the I-SceI generated end or the 48 bp telomere 100 

repeat tract, and reaches steady-state lengths within 8 to 12 h with lengths of  ~160 bp of 101 

telomere repeats (Fig. 2B)[30].  The distal hph+ fragment was detected transiently by Southern 102 

blotting, but the signal was very weak by 8 h (Fig. 2B).  In contrast, the control 2R-0 bp proto-103 

telomere with no telomere repeats is rapidly degraded upon cleavage as expected for an 104 

induced DSB:  hybridization to the ~350 bp ura4+ band and the distal hph+ DNA fragment was 105 

rapidly lost (Fig. 2C,D)[30].  -A DSB induces a cell cycle pause at the G2 until the break is 106 

repaired, which can be detected by an increase cell doubling time [31].  A significant increase in 107 

doubling time was only observed in 2R-0 bp cells (Fig. 2E), and their survival required a Rad52-108 

dependent recombination event (Fig. S2)[30], In contrast, the rad52∆ 2R-48 bp cells formed a 109 

functional telomere (Fig. S2B).  Consequently, a property of the 48 bp of telomere repeats is to 110 

protect the cleaved end immediately after I-SceI cleavage, which we refer to as end-protection. 111 

 112 

2R-48 bp cleavage after I-SceI induction occurred similarly in wild type, taz1∆, rap1∆ and poz1∆ 113 

cells, with >80% proto-telomere cleavage in 4 h (Figs. 3A-C, S3A,B and Table S1).  The 114 

cleaved 2R-48 bp telomere was not degraded, and became greatly elongated in the taz1∆, 115 

rap1∆, and poz1∆ cells over 32 h (Figs. 3A-C, S3A), similar to the chromosomal telomere 116 

lengths originally described for these mutants.  Comparing telomere elongation in wild type, 117 

taz1∆, rap1∆, and poz1∆ cells revealed that the initial rates for the first 2 h were similar but 118 
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increased in the mutants 4 h after the induction to form hyper-elongated telomere repeats (Fig. 119 

S3D).  In contrast, wild type elongation began to slow at 8 h, as telomeres attained their 120 

equilibrium length (Fig. S3D).  Cell growth rates and viability in uninduced cells and 0-8 or 8-32 121 

h after I-SceI induction were indistinguishable (Fig. S3C,E), in contrast to the growth delay 122 

previously observed when the 2R-0 bp proto-telomere is cleaved to form a repairable DSB that 123 

activates DNA damage checkpoints (Fig. 2E)[30].  Consequently, loss of Taz1, Rap1, or Poz1 124 

did not affect the end protection afforded by the 48 bp telomere tract. 125 

 126 

Telomere formation in cells lacking Rif1 leads to a biphasic rate of telomere elongation to 127 

the final steady-state length. 128 

Rif1 has roles in telomere repeat tract length regulation, DNA DSB repair and the timing of DNA 129 

origin of replication firing [10–12,32–34], and loss of Rif1 had different effects on telomere 130 

formation.  rif1∆ cells initially showed wild type rates of telomere elongation, followed by a 131 

slower rate of elongation that required ~200 h of growth to reach the steady-state telomere 132 

length (Figs. 3D, S4A-C).  As with taz1∆, rap1∆ and poz1∆ cells, growth of rif1∆ cells after I-133 

SceI induction, colony size and viability were not significantly different from wild type cells (Figs. 134 

3E, S4D,E).  Therefore, Rif1 was not required to protect the telomere repeat-capped end. 135 

 136 

The newly formed short telomere is stable in cells lacking active telomerase but 137 

immediately degraded in cells lacking Ccq1. 138 

Cells lacking telomerase activity, due to loss of telomerase RNA (TER1) or the telomerase 139 

component Est1, formed a stable new telomere end that shortened slowly over time but was still 140 

detectable at 32 h post-induction (Fig. 4A,B)[30].  Thus, telomerase activity was not required for 141 

protection of the telomere repeat-capped end. 142 

 143 
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Ccq1 helps recruit telomerase to the telomere [23,25,26], but its loss led to the rapid 144 

degradation of the cleaved proto-telomere immediately after the I-SceI induction (Figs. 4C, 145 

S5A).  The cleaved ura4+ band became undetectable after ~4 h, similar to the degradation of 146 

the same band from the 2R-0 bp DSB in wild type cells (Fig. 4C vs. Figs. 2C, 4E).  ccq1∆ cells 147 

also showed a significant growth delay at 0-8 h and 8-32 h post-induction (Fig. 4D), mimicking 148 

the growth delays observed with the 2R-0 bp proto-telomere (a DSB)(Figs. 2E,F, 4D, S5B,C 149 

[30]).  S. pombe cells, paused in G2 of the cell cycle, continue to elongate [35], and the ccq1∆ 150 

2R-48 bp cells became significantly longer 8 and 24 h after I-SceI induction (Fig. 4F), consistent 151 

with the DNA damage checkpoint activation. 152 

 153 

Ccq1 and Pot1 are only recruited after cleavage of the proto-telomere. 154 

To test whether the rapid proto-telomere degradation in ccq1∆ cells was due to an altered 155 

presence of the DNA binding proteins at the telomere repeats in proto-telomere, Taz1, Pot1, 156 

and Ccq1 occupancy at the proto-telomere was monitored by chromatin immunoprecipitation 157 

(ChIP) before and during telomere formation (Figs. 5, S6).  Taz1 was detected near the 158 

telomere repeats at similar levels at the 2R-48 bp proto-telomere in wild type and ccq1∆ cells at 159 

0 h and 2 h post-I-SceI induction (Fig. 5A), consistent with the established binding of Taz1 to 160 

interstitial telomere repeats [16,36,37].  In wild type cells, the Taz1 ChIP signal increased as 161 

new telomere repeats were added, while the Taz1 signal was lost from ccq1∆ cells as the 162 

telomere was degraded (Figs. 5A, S6A).   Only background Taz1 signal was detected at the 2R-163 

0 bp DSB control that lacks telomere repeats. Therefore, Taz1 was present before and after I-164 

SceI cleavage but could not prevent the rapid degradation of the cleaved 2R-48 bp telomere in 165 

ccq1∆ cells. 166 

 167 

Ccq1 and Pot1 were not detectable until formation of the new telomere end, with the majority of 168 

signal adjacent to the telomere repeats and a weaker signal 3 kb from the I-SceI site (Figs. 169 
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5B,C, S6B,C).  No significant recruitment of Pot1 to the new telomere in ccq1∆ pot1-myc 2R-48 170 

bp cells was detected, even though the ura4+-telomere band was detectable at 2 h (Fig. 4C), 171 

suggesting that Pot1 was unable to bind the cut proto-telomere prior to its degradation. 172 

 173 

Degradation of the newly formed short telomere in ccq1∆ cells is not rescued by 174 

increasing pot1+ gene number. 175 

If Ccq1 was required for efficient Pot1 binding at the cleaved 2R-48 bp proto-telomere, then 176 

Pot1 levels in ccq1∆ cells maybe too low to bind the newly formed telomere.  In this hypothesis, 177 

increasing pot1+ gene number might provide sufficient Pot1 to prevent degradation of the 178 

cleaved proto-telomere in ccq1∆ cells.  An untagged pot1+ cDNA was expressed from the strong 179 

nmt1 promoter from a multi-copy, episomal plasmid (Table S2) because epitope tags are known 180 

to alter Pot1 function [38,39].  The presence of the Pot1 plasmid did not alter cell growth or I-181 

SceI cleavage in wild type or ccq1∆ cells.  The newly formed telomere in ccq1∆ 2R-48 bp cells 182 

was rapidly degraded in cells bearing the empty vector and the vector expressing Pot1, while 183 

cells bearing a positive control vector expressing Ccq1 formed stable telomeres (Fig. S7).  The 184 

results suggested a more complex role for Ccq1 in protection of telomere repeat-capped ends. 185 

 186 

Protection of telomere repeat-capped ends does not require active telomerase. 187 

Phosphorylation of Ccq1 at the T93 residue is a major pathway to recruit telomerase to 188 

telomeres via the interaction of phosphorylated Ccq1 and the telomerase subunit Est1.  189 

Introducing the ccq1-T93A mutation causes normal length telomere repeat tracts to shorten 190 

over ~80 generations until the repeats are no longer detectable [23–25].  Cells lacking 191 

telomerase or both ATM kinase family members, Rad3 and Tel1, have the same phenotype 192 

[40], and Rad3 is considered to be the major kinase that phosphorylates Ccq1 T93 [23,25].  To 193 

determine whether the presence of long telomere repeat tracts masked ccq1-T93A effects on 194 
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end protection, telomere formation was assayed in ccq1-T93A cells and rad3-D2249A (rad3-kd) 195 

cells that lack Rad3 kinase activity [41,42]. 196 

 197 

The rad3-kd cells were proficient for end protection of the cleaved 2R-48 bp proto-telomere, but 198 

produced elongated telomere repeat tracts that were shorter than wild type cells (Fig. 6A,C), 199 

similar to the chromosomal telomeres in rad3- cells [43,44].  I-SceI induction and proto-telomere 200 

cleavage did not significantly change rad3-kd cell growth rate and had only small effects on 201 

survival (Figs. 6D, S8A,B).  Therefore, the elimination of the Rad3 kinase activity did not impact 202 

the 2R-48 bp proto-telomere end protection. 203 

 204 

The ccq1-T93A cells were also proficient for end protection as the cleaved 2R-48 bp telomere 205 

was stable but not elongated and showed some shortening at 24 h (Figs. 6B, S8C), similar to 206 

the telomeres in TER1∆ or est1∆ cells (Fig. 4A,B).  At late time points: telomeres in TER1∆ and 207 

est1∆ cell telomere fragments were readily detectable while the ccq1-T93A cell telomeres were 208 

less intense at 24 h and not detectable at 32 h (Figs. 4A,B, 6B, S8D).  The doubling time 209 

increase in the 8-32 h period in the ccq1-T93A cells was consistent with loss of the telomere, in 210 

contrast to TER1∆ and est1∆ cells (Fig. 6D vs. Fig. 4D). 211 

 212 

After telomerase recruitment, the Tpz1-K75 residue is important for telomerase activation.  The 213 

tpz1-K75A mutation produces cells in which telomerase is at the telomere by ChIP, but 214 

telomerase activity is significantly diminished [45].  The telomeres formed in these 2R-48 bp 215 

cells were short and became more heterogeneous with continued growth (Figs.6C, S8E), 216 

potentially due to small amounts of lengthening and shortening at the individual telomere in 217 

different cells, as observed previously in budding yeast [46].  Therefore, cleavage of the 2R-48 218 

bp proto-telomere in tpz1-K75A cells did not show an alteration in proto-telomere cleavage, 219 
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cellular growth or stability of the telomere repeat-capped end (Figs. 6D,E, S8D,E), showing that 220 

those cells are proficient for end protection. 221 

 222 

End protection requires the Ccq1-Tpz1 interaction but not the Ccq1-Clr3 (SHREC) 223 

interaction 224 

Ccq1 directly interacts with Clr3, the histone deacetylase of the SHREC complex required for 225 

heterochromatin at telomeres and elsewhere [28,29,47].  Cells lacking Clr3 were also proficient 226 

for end protection and elongation of the cleaved 2R-48 bp proto-telomere, and the telomere 227 

repeat tracts observed at 8 and 24 h post-induction were slightly shorter than those of wild type 228 

cells (Fig. 7A,C,D).  Therefore, the ability of Ccq1 to allow cells to distinguish a telomere repeat 229 

capped end from a DSB is independent of recruiting SHREC. 230 

 231 

Tpz1 interacts with Ccq1 and is essential for telomere function as cells lacking Tpz1 are inviable 232 

unless the telomeres are eliminated by chromosome circularization [18].  The tpz1-L449A 233 

mutation significantly weakens recruitment of Ccq1, and consequently telomerase, to telomeres 234 

[20,27].  Induction of I-SceI cleavage of the 2R-48 bp proto-telomere in tpz1-L449A cells 235 

resulted in a degradation of the ura4+ telomere band (Figs. 7B, S9), that was similar to the 236 

degradation in ccq1∆ cells, with a comparable delay in cell growth (Fig. 7C-right panel, D).  237 

Thus, Tpz1 plays an essential role in end protection of the cleaved 2R-48 bp telomere through 238 

its interaction with Ccq1. 239 

 240 

Removal of the Mre11 nuclease stabilizes the newly formed short telomere in ccq1∆ cells. 241 

The two major exonucleases with roles at the telomere and DSBs are exonuclease I (Exo1) and 242 

Mre11 of the Mre11-Rad50-Nbs1/Xrs2 (MRN/X) complex [44,48–53].  We tested whether loss of 243 

Exo1 or Mre11 slow or relieve the degradation the cleaved 2R-48 bp proto-telomere in wild type 244 

and ccq1∆ cells. 245 
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 246 

The removal of Exo1 from wild type cells had little effect on 2R-48 bp proto-telomere cleavage, 247 

telomere stability and elongation (Fig. 8A).  2R-0 bp proto-telomere cleavage was delayed in 248 

exo1∆ cells without any large increase in stability of this DSB or change in growth (Figs. 8B,D,E, 249 

S10A).  The cleaved 2R-48 bp proto-telomere was still rapidly degraded in ccq1∆ exo1∆ cells, 250 

and the growth kinetics were the same as ccq1∆ cells (Figs. 8C,E, S10B), although slightly 251 

higher levels of the ura4+ telomere were detectable at 4 and 6 h in ccq1∆ exo1∆ cells compared 252 

to ccq1∆ cells (Figs. 8C, S10B vs. Figs. 4C, S5A).  Therefore, Exo1 only makes small 253 

contributions to the degradation of the cleaved 2R-48 bp telomere in ccq1∆ cells. 254 

 255 

Removal of Mre11 had much larger effects.  Cleavage of the 2R-48 bp and 2R-0 bp proto-256 

telomeres occurred similarly in mre11∆ and wild type mre11+ cells (Figs. 2B-D, 9A,B, S10G).  A 257 

shorter terminal tract was observed in the mre11∆ mutant at 32 h.  As mre11∆ cells have a 258 

longer generation time after induction, the reduced telomere length may be related to the fewer 259 

doublings that these cells undergo by 32 h, or another Mre11-related function (Fig. 9I)[43,54].  260 

The cleaved 2R-0 bp proto-telomere fragments were partially stabilized but undetectable after 261 

the 8 h time point (Figs. 9B, S10C vs. 2C). 262 

 263 

The ccq1∆ mre11∆ cells gave a surprising result: the cleaved 2R-48 bp proto-telomere was 264 

much more stable, and the formed ura4+ telomere began to shorten at 24 h and was 265 

undetectable at 32 h (Figs. 9C,G, S10D).  The formed telomere in ccq1∆ mre11∆ cells was as 266 

stable as the telomere formed in ccq1-T93A cells that cannot efficiently recruit telomerase (Figs. 267 

6B, S8C).  Therefore, the rapid degradation of the telomere-repeat capped end in ccq1∆ cells 268 

requires Mre11, and the absence of Ccq1 reduces telomerase recruitment and elongation of the 269 

ura4+ telomere. 270 

 271 
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To distinguish whether Mre11 protein or its nuclease activity accounts for rapid proto-telomere 272 

degradation in ccq1∆ cells, similar experiments were performed in mre11-H134S strains that 273 

lack Mre11 nuclease activity [50].  The mre11-H134S wild type and ccq1∆ strains gave nearly 274 

identical results as the mre11∆ strains in proto-telomere cleavage, telomere stability, 2R-0 bp 275 

DSB stability and cell growth, although elongation of the ura4+ telomere was heterogeneous and 276 

reduced compared to mre11∆ cells (Fig. 9A-H).  While the ura4+ telomere showed slightly 277 

stronger hybridization in ccq1∆ mre11-H134S cells at 24 and 32 h compared to ccq1∆ mre11∆ 278 

(compare Figs. 9C,G, S10D vs. Figs. 9F,H, S10E), the similar growth rates of ccq1∆ mre11-279 

H134S vs. ccq1∆ mre11∆ cells (Fig. 9I) suggest that these two cell types were still have the 280 

same defects that prevent normal growth.  The sum of these data shows that the conversion of 281 

the cleaved 2R-48 bp proto-telomere to a DSB in ccq1∆ cells was abrogated by loss of Mre11 282 

nuclease activity, and the degradation of the DSB was slowed by the loss of Exo1. Mre11 283 

interacts with S. pombe telomeres [44] and was detectable at chromosomal ends in ccq1∆ cells 284 

by ChIP (Fig. S11), showing that Mre11 recruitment to telomeres is Ccq1-independent. 285 

Therefore, a novel role of Ccq1 is to restrain the degradation of the newly formed short 286 

telomere-repeat capped end by Mre11 nuclease.  287 
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Discussion 288 

Requirement for different telomere associated proteins were tested for a role in distinguishing a 289 

telomere repeat-capped chromosome end from a DSB using our recently developed S. pombe 290 

inducible telomere formation system [30].  The 48 bp telomere tract in this system focuses the 291 

analysis on the role of the repeats in end protection in the absence of subtelomeres or longer 292 

repeat tracts, and allowed testing of viable mutants of telomere-associated proteins on 293 

chromosome end protection.  Cells lacking Taz1, Rap1 or Poz1 rapidly elongated the short 48 294 

bp tract to the extended chromosomal telomere lengths found in these mutants (Figs. 3, S3).  In 295 

contrast, rif1∆ cells initially elongated the terminal tract to wild type lengths and then slowly 296 

elongated the telomere repeats to mutant lengths over many generations (Figs. 3, S4).  Cells 297 

lacking Ccq1 gave the most surprising result:  the cleaved proto-telomere was immediately 298 

degraded in the same manner as an induced double-strand break (Figs. 4C, S5).  These results 299 

were unexpected as the previously known telomeric functions of Ccq1 were to recruit 300 

telomerase.  Chromosomal telomeres with wild type length tracts introduced into ccq1∆ cells or 301 

ccq1-T93A cells gradually shortened over ~80 generations until the terminal repeats tract 302 

become extremely short and DNA damage checkpoints were activated [18,23,25,26,28,55].  At 303 

this point, ccq1∆ cells arrest and/or repair the defective telomere ends by circularizing the 304 

chromosome or elongating telomere repeats by a telomerase-independent mechanism [18,26].  305 

The immediate degradation of the cleaved proto-telomere in ccq1∆ cells was not due to a lack 306 

of telomerase activity, as cells lacking telomerase subunits (est1∆ and TER1∆) or cells that fail 307 

to activate bound telomerase (tpz1-K75A)[23,45] maintained the 48 bp tract for more than one 308 

day (Figs. 4A,B, 6C, S8E).  The rapid degradation of the cut proto-telomere in ccq1∆ cells could 309 

be blocked by eliminating the DSB processing nuclease activity of Mre11 (Figs. 9, S10D,E).  310 

These results, therefore, indicate a novel role for Ccq1 in restraining Mre11-nuclease activity 311 

from degrading short tracts of telomere repeats. 312 
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 313 

Ccq1 was most likely required to be present at the cleaved short proto-telomere to accomplish 314 

this protective function:  the ccq1∆ strain lacking Ccq1 and the tpz1-L449A strain expressing a 315 

mutant Tpz1 protein that is defective for Ccq1 interaction showed a similar degradation of the 316 

cleaved 48 bp proto-telomere (Figs. 4C, 7B, S5, S9).  The requirement for Ccq1 did not appear 317 

to be to recruit known Ccq1 associated factors as eliminating these factors did not recapitulate 318 

the ccq1∆ rapid degradation phenotype.  Ccq1 is a component of the histone deacetylase 319 

complex SHREC [29]; however, cells lacking the Clr3 catalytic subunit of this complex did not 320 

rapidly degrade the cut 48 bp proto-telomere (Fig. 7A).  This result is consistent with our 321 

previous observations where proto-telomere cleavage allowed the immediate manifestation of 322 

the end protective functions that distinguish telomeres from DSBs, but the spreading of 323 

telomeric heterochromatin required many generations of growth [30].  Eliminating telomerase 324 

activity by removing telomerase RNA (TER1∆) or a telomerase subunit (est1∆) allowed cells to 325 

maintain the 48 bp telomere repeat tract for more than one day after cleavage (Fig. 4A,B).  In 326 

contrast, the ccq1-T93A cells (deficient in telomerase recruitment) showed a loss of telomeric 327 

ura4+ hybridization at 24 and 32 h post-cleavage (Fig. 4A,B vs. Figs. 6B, S8C), perhaps 328 

reflecting an additional deficiency of Ccq1-T93A at telomeres in these cells.  While these 329 

differences between telomerase and ccq1-T93A mutants may highlight new dynamics as 330 

telomeres shorten and lose their function, these affects are greatly delayed compared to the 331 

immediate end protection afforded by the 48 bp repeat tract (i.e. suppression of Chk1 332 

phosphorylation and the delay in cell division during the first 8 h post cleavage [30](Figs. 2E, 333 

4D).  Therefore, the end protection properties of the cleaved 2R-48 bp telomere are most likely 334 

due to Ccq1 itself, or an unidentified Ccq1-interacting factor. 335 

 336 

The loss of end protection for the cleaved 2R-48 bp proto-telomere in ccq1∆ cells was partially 337 

rescued by loss of Mre11 nuclease activity.  Mre11 is part of the MRN complex (MRX in 338 
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Saccharomyces cerevisiae) composed of Mre11, Rad50, and Nbs1 or Xrx2 that initiates the 339 

processing of DSBs.  It was recently reported that S. cerevisiae MRX can be inhibited by the 340 

telomere-associated protein Rif2 [56–58].  Rif2p inhibits MRX through an inhibitory motif called 341 

MIN, which interacts with the MRX complex through the Rad50 protein [56,57]. While Rif2 is 342 

only found in some budding yeasts, the MIN motif was identified in the DNA replication protein 343 

Orc4 in some budding yeasts that lack Rif2.  Mutation of the MIN motif in Rif2 or Orc4 in 344 

different yeasts showed that this motif regulated the steady-state length of the terminal telomeric 345 

tracts [56], strongly suggesting an interaction with MRN/X at the telomere.  In the S. pombe 346 

shelterin proteins, a MIN motif was only identified in Taz1, which mediated an interaction 347 

between Taz1 and S. pombe Rad50 in two-hybrid analyses [56], consistent with the presence of 348 

Mre11 with telomeres by ChIP [63](Fig. S11).  Mutating the Taz1 MIN motif did not alter the 349 

length or the protection of the terminal telomeric tract [56], and the cleaved proto-telomere in 350 

taz1∆ cells was stable and elongated (Figs. 3A, S2A). Therefore, the role of the Taz1 MIN motif 351 

in restraining the Mre11 nuclease activity at the short proto-telomere is not a strong as that of 352 

Ccq1. 353 

 354 

Our working model for the restraint of the Mre11 nuclease activity in S. pombe is that wild type 355 

cells have long enough telomere tracts to recruit sufficient Taz1 and Ccq1 to block MRN-356 

mediate degradation (Fig. 10).  Both Taz1 and Ccq1 may protect telomere repeats after 357 

replication when the telomeric chromatin is being reassembled or if the replication fork breaks in 358 

telomere repeats [6,59].  At telomeres with short repeat tracts, protection may rely on Ccq1 as 359 

the amount of Taz1 is limiting (similar to the cleaved 2R-48 bp proto-telomere).  In cells lacking 360 

Ccq1, shortening telomeres will be bound by less Taz1 until MRN-mediated degradation is no 361 

longer restrained and telomeres are degraded.  Telomere repeat tracts would therefore be 362 

protected from MRN by the combinatorial actions of Taz1 and Ccq1 under different conditions. 363 

 364 
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The Ccq1 and Rif2 proteins that restrain MRN activity at telomeres are limited to relatively 365 

closely related fungi [56,60].  S. pombe and S. cerevisiae are separated by almost one billion 366 

years of evolution [61], leading to multiple differences in biological properties that include very 367 

different shelterin proteins [1,62].  Nevertheless, both yeasts have evolved specific proteins to 368 

reduce Mre11-mediated degradation of the telomere end.  This convergent evolution of function 369 

raises the possibility that blocking MRN/X activity by domains on specific shelterin proteins is 370 

conserved beyond fungi, and potentially in humans, as means for the cell to distinguish 371 

telomeres from DSBs.  372 
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Materials and Methods 373 

Strains and Media 374 

All S. pombe strains used in this study are shown in Tables 4 and S1.  Selection for strains 375 

containing telomere cassettes was performed in Edinburgh Minimal Media with 3.6 g/l (19 mM) 376 

sodium glutamate monohydrate (EMMG) substituted for ammonium chloride without uracil and 377 

with appropriate amino acid supplements and 100 µg/ml Hygromycin B Gold (InvivoGen) as 378 

described in [63].  Non-selective growth of strains bearing the telomere cassettes was done in 379 

EMMG with adenine, histidine, uracil, leucine, lysine, and arginine (EMMG + AHRULK) and 380 

without hygromycin (Hyg).  Preparation of 10 mM anhydrotetracycline (ahTET) stock and plates 381 

was performed as in [64]. 382 

 383 

Cells Transformation and Strain Construction 384 

Cells were grown in EMMG media with appropriate amino acid supplements to OD600nm of 0.5 (1-385 

2 x 108 cells) and harvested by centrifugation (3500 g, 5 min, 4°C).  The pelleted cells were 386 

washed three times with ice-cold 1M Sorbitol (25, 10, and 5 ml).  The cells were then resuspended 387 

in 0.5 mL ice-cold 1M Sorbitol and mixed with 500 ng of linear DNA (or 50 ng of circular DNA) in 388 

a 0.2-cm electroporation cuvette (Bio-Rad).  Electroporation was made using the Bio-Rad Gene 389 

Pulser, which applied an electric pulse of 11.0 kV/cm for 5 ms.  The electroporated cells were 390 

then spread onto YES plates and incubated at 32°C overnight.  The resulting lawn of cells was 391 

then replica plated onto the appropriate selective media and incubated at 32°C until colonies 392 

formed (adapted from [65]). 393 

 394 

Gene deletion or mutations were made with a kanMX6 or natMX4 PCR fragment amplified by 395 

PCR with at least 250 bp of homology on the 5’ and 3’ of the targeted gene.  The ccq1 deletion 396 
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was always the last deletion made in all the strains listed in Table S4 to minimize the number of 397 

generations before the telomere formation induction (less than 50 generations). 398 

 399 

Induction of I-SceI 400 

Cells containing the telomere cassettes were grown under selection overnight (EMMG + AHR + 401 

Hyg) and diluted in non-selective media (EMMG + AHRULK) for exponential growth for 3-4 h.  402 

Untreated cells (3-5 x 108) were removed, pelleted, and washed in sterile, milli-Q purified water 403 

before freezing the cell pellets at -80°C.  The remaining cells were treated with ahTET, added to 404 

a final concentration of 9 µM.  Cells were then collected at various time points, pelleted, 405 

washed, and frozen as above. 406 

 407 

Southern Blot Analysis 408 

Cells (3-5 x108) were collected at each time point and used to prepare genomic DNA as in [66].  409 

Genomic DNA (50 µg) was digested with 20 units of Sca I-HF (NEB) overnight at 37°C.  The 410 

digested DNA was resolved on a 1.2% agarose gel (6 h at 100 V) and transferred onto a 411 

Hybond N+ positively charged nylon membrane (Amersham - GE healthcare).  The membrane 412 

then was crosslinked with UV and hybridized (60°C, overnight) by labeled probes produced by 413 

PCR with u4ScaProbe_S + u4ScaProbe_AS (ura4+ probe), SV40ScaProbe_S + 414 

SV40ScaProbe_AS (hph+ probe), or abo1-probe_S + abo1-probe_AS (abo1+ probe as a loading 415 

control) using 100 µCi of [α-32P-dCTP] (6000 Ci/mmol, PerkinElmer) as previously described in 416 

[30] (primer sequences are shown in Tables 5).  The labeled and washed membrane was 417 

exposed 1-2 days into a cassette containing a phosphor screen.  The radiolabeled DNA 418 

quantification acquisition was made using the Amersham Typhoon IP Biomolecular Imager.  All 419 

the quantifications and telomere band size measurements were then made using Image 420 

QuantTM TL 8.2 Software for Windows. 421 

 422 
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Quantitative Survivor Plating Assay 423 

Cells were plated onto non-selective EMMG with or without ahTET at ~200 cells per plate and 424 

grown for 3-4 days at 32°C.  The colonies were then counted, and the survival percentage was 425 

calculated by the number of individual colonies formed on ahTET plates (induced condition) 426 

over to the number of colonies formed on plates without ahTET (uninduced condition).  A 427 

minimum of 300 colonies were counted for each strain for each assay. 428 

 429 

Doubling time calculation 430 

To measure the OD600nm, a WPA CO 8000 Cell Density Meter was used, and cultures were 431 

diluted to obtain a reading between 0.3 and 1.2, corresponding to the linear range between OD 432 

measurement and cell concentration.  OD600nm was measured before the induction, at 4, 8, 12 or 433 

16, 24 and/or 32 h, and were combined in three categories: uninduced, 0-8 h pos-induction, and 434 

8-24 or 8-32 h post-induction.  The doubling time calculation was made using the formula: 435 

!"#$%&'(	*&+,	 = !"($)
&'  where gr is the growth rate and (. =

!"(!"#$!"#%
)

*  436 

 437 

Statistical comparisons 438 

Doubling time comparisons used the uninduced condition of each strain tested as the standard.  439 

Wild type 2R-48 bp strain was used as the standard for telomere length comparison after I-SceI 440 

cleavage.  For ChIP: 2R-0 bp or wild type 2R-48 bp untagged strains values were used as the 441 

standard.  Comparisons for survival used wild type strains as the standard.  The t-tests were 442 

performed with Microsoft Excel for Mac (v.16.52). 443 

 444 

ChIP Assay 445 

At each time point, 2-3 x109 cells in 200 ml final were processed as previously described in [30] 446 

with minor modifications.  Cells were cross-linked with 1% formaldehyde and washed twice with 447 
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cold TBS buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl) supplemented with 125mM final of 448 

Glycine.  Cell pellets were resuspended in ChIP-lysis buffer and lysed using the Precellys 449 

homogenizer (Bertin Instruments) for a mechanical disruption with 0.5 mm glass beads (Biospec 450 

11079105) using 3 cycles of 30 sec followed by 2 min on ice.  The lysate was sonicated for 10 451 

cycles on maximum power (30 sec ON and 59 sec OFF) in a Diagenode Bioruptor XL with 452 

sample tubes soaked in an ice water bath.  Solubilized chromatin protein concentration was 453 

measured using the Bio-Rad protein assay, and all the samples were standardized to the same 454 

concentration in 800 µl ChIP-lysis buffer.  790 µl was used for each ChIP sample, while 10 µl 455 

was saved as input.  Mouse monoclonal antibodies: M2 anti-FLAG (F3165, Sigma-Aldrich), anti-456 

myc tag antibody (9E10, Abcam ab32) or anti-GFP (632375, Clontech) were added to the lysate 457 

and incubated while rocking for 3 h at 4°C.  50 µl of DynabeadsTM Protein G (Invitrogen) was 458 

then added for rocking 3 additional hours at 4°C.  Beads were washed and resuspended in 110 459 

µl of TES (1 x TE with 1% SDS).  The supernatant (100 µl) was recovered and separated from 460 

the beads to be incubated in at 65°C, 8 h in a PCR block, to reverse cross-linking.  For input 461 

samples, TES buffer (90 µl) was added and the tubes were incubated with the ChIP samples.  462 

Then, all the samples were treated with RNase A 30 min at 37°C and Proteinase K for 30 463 

additional minutes at 37°C and purified by QIAgen PCR purification column.  All the time points 464 

from the same figure were processed for ChIP assay at the same time, and 3 independent 465 

biological replications were made.  For the qPCR analysis, input samples were diluted to 1/10 466 

with ddH2O, while ChIP samples were not diluted.  Template DNA (2 µl) was added to 5 µl of 467 

Roche LightCycler 480 SYBR Green I Master (2X), and primers were added to a final 468 

concentration of 0.6 µM for a 10 µl total reaction volume.  Each sample was run at least twice 469 

on the same 384-well PCR plate (Roche LightCycler 480 Multiwell Plate 384, clear) in a Roche 470 

LightCycler 480.  The ChIP and input signals were calculated using standard dilution series.  471 

The ratios ChIP/input signal are presented.  472 
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Figure Legends 653 

 654 

Fig. 1. S. pombe and H. sapiens telomere-capping complexes share a similar molecular 655 

architecture.  The human complex (called shelterin) and fission yeast complex are visualized as 656 

a conserved bridge structure [22] with a double-stranded telomere DNA protein (TRF1-657 

TRF2/Taz1) connected to the single-stranded telomere DNA protein POT1 by non-DNA-binding 658 

proteins (TIN2-TPP1/Rap1-Poz1-Tpz1).  Homologous and orthologous proteins are shown in 659 

similar colors. 660 
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 661 

Fig. 2. I-SceI cleavage next to telomere repeats leads to the formation of a new telomere, 662 

whereas cleavage in the absence of these repeats produces a rapidly degraded DSB.  (A) 663 

Schematic of the proto-telomere cassettes at the right end of chromosome 2 and the 664 

consequences of I-SceI induction [30](the full system is described in Fig. S1).  The I-SceI site is 665 

marked by a red triangle.  The 2R-48 bp proto-telomere contains 48 bp of telomere repeats, 666 

while 2R-0 bp has no such repeats.  Telomere repeats are indicated by black triangles.  Genes 667 

are indicated by boxes and degrade DNA by jagged edges and small lines.  (B) Wild type (WT) 668 

2R-48 bp exponentially growing cells were treated with ahTET (9 µM final) to induce the I-SceI 669 
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enzyme expression.  Aliquots were taken either prior to induction (0 h) or after induction (1 to 32 670 

h).  The genomic DNA was then extracted, digested with Sca I, and analyzed by Southern 671 

analysis using probes ura4+, hph+ (denoted by green bars above each locus), or abo1+ as a 672 

loading control.  A schematic of the 2R-48 bp cassette shows the positions of the Sca I sites, 673 

and the truncated schematics indicate which fragments formed the bands on the Southern blot.  674 

The numbers in blue on top of the blots represent the hours post-induction.  Molecular weight 675 

standards are shown (M).  The modal terminal restriction fragment sizes of the ura4+ cut band 676 

are presented in Table S6.  (C) Cells bearing the 2R-0 bp cassette were treated and analyzed 677 

as in Fig. 2B.  (D) Normalized intensities of the 1.8 kb uncut ura4::hph bands of the inductions 678 

shown in B and C.  Normalization is the average of the Typhoon IP biomolecular Imager 679 

(Amersham) signals (quantified using Image QuantTM TL 8.2 Software) of the ura4+, or hph+ 680 

probe normalized to the loading control (abo1+ probe) signal for each lane.  The 0 h time point 681 

(uninduced condition) is represented as 100% for each strain.  Error bars show standard 682 

deviations from three independent assays (values are in Table S1).  (E) Doubling times of the 683 

cell cultures were determined by OD600nm prior to the ahTET induction (uninduced), 0-8 h post-684 

induction, and 8-32 h post-induction.  Error bars show standard deviations from at least three 685 

independent assays.  Statistically significant differences (p<0.05) are indicated by an asterisk. 686 
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 687 

Fig. 3. Cells lacking Taz1, Rap1, Poz1 and Rif1 produce stable telomere repeat-capped 688 

ends to reach new equilibrium telomere lengths.  taz1∆ (A), rap1∆ (B), or poz1∆ (C) cells 689 

bearing the 2R-48 bp proto-telomere were treated with ahTET (9 µM final) and analyzed by 690 

Southern blot as in Fig. 2B.  The modal terminal restriction fragment sizes of the ura4+ cut band 691 

are presented in Fig. S3D and Table S6.  The taz1∆ ura4+ probe panel is shown as the full gel 692 

to present the long, disperse telomere repeat hybridization.  Additional Southern blots from 693 

independent experiments are shown in Fig. S3A.  The final telomere repeat tract lengths are 694 

similar to those described for the original mutants (median lengths of 1.0 to 2.5 kb, ranging from 695 

0.5 to 5 kb [10,16,18]).  (D) WT or rif1∆ cells bearing the 2R-48 bp proto-telomere were treated 696 

with ahTET (9 µM final) to induce the I-SceI enzyme expression.  Aliquots were first taken either 697 

prior to induction (0 h) and after induction (1 to 12 h).  At 12 h, cells were struck for a single 698 

colony on rich media (YES) and grown for 3 days at 32°C.  Portions of several individual 699 

resulting colonies were tested for loss of hph+ by failure to grow on plates with 100 µg/ml 700 
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hygromycin.  A hygromycin-sensitive colony was inoculated in non-selective EMMG media with 701 

ahTET, and serial dilutions from time points 120, 200, and 280 h were collected and analyzed 702 

by Southern blot as in Fig. 2B.  An additional Southern blot is shown in Fig. S4B.  (E) Doubling 703 

times of the cell cultures were determined by OD600nm prior to the ahTET induction (uninduced), 704 

0-8 h post-induction and 8-32 h post-induction.  Error bars show standard deviations from at 705 

least three independent assays.  The wild type values from Fig. 2E are included for comparison. 706 

 707 

 708 
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Fig. 4. Cells lacking the telomerase components TER1 or Est1 form a short, stable 709 

telomere while loss of Ccq1 causes rapid degradation similar to a DSB.  Cells lacking 710 

telomerase RNA TER1 (A), Est1 (B), or Ccq1 (C) and bearing the 2R-48 bp cassette were 711 

treated and analyzed as in Fig. 2B.  The modal terminal restriction fragment sizes of the ura4+ 712 

cut band are presented in Table S6.  An additional ccq1∆ Southern blot is shown in Fig. S5.  (D) 713 

Doubling times of the cell cultures were determined by OD600nm prior to the ahTET induction 714 

(uninduced), 0-8 h post-induction, and 8-32 h post-induction.  Error bars show standard 715 

deviations from at least three independent assays.  Statistically significant differences (p<0.05) 716 

are indicated by an asterisk.  The wild type values from Fig. 2E are included for comparison.  717 

(E) Left panel.  Intensities normalized to the loading control of the 1.8 kb uncut ura4::hph bands 718 

of the inductions shown in Figs. 2B and 4A-C, derived as in Fig. 2D.  The wild type 2R-48 bp 719 

values from Fig. 2D are included for comparison.  Right panel.  Normalized intensities of the 720 

ura4+ cut bands of the inductions shown in Figs. 2B,C and 4A,C.  The est1∆ cell values are not 721 

plotted as they are nearly identical to those of TER1∆ cells (Table S6).  Normalization is the 722 

average of the Typhoon IP biomolecular Imager (Amersham) signals (quantified using Image 723 

QuantTM TL 8.2 Software) of the ura4+ bands (using the ura4+ probe) divided by the 1.8 kb 724 

ura4::hph band intensity before induction (0 h)(using the ura4+ probe, in the same membrane) 725 

for each lane.  The error bars for TER1∆ 2R-48 bp and ccq1∆ 2R-48 bp strains are derived from 726 

three independent Southern blots, and the est1∆ 2R-48 bp strain error bars are from two 727 

independent Southern blots (values are in Tables S1 and S3).  (F) Left panel: Cell lengths (n > 728 

110 of each strain) prior to the ahTET induction (0 h) and 8 and 24 h post-induction are 729 

represented.  Statistically significant values (p<0.05, t-test) are indicated by the black numbers 730 

in the graph.  Right panel: Cells observations (Brightfield mode) made by using a DM4B 731 

microscope (Leica) with the DFC7000T Digital Camera (Leica) and processed using the Leica 732 

Application Suite X v3.7.2.22383 (for Windows).  The numbers below indicate the average cell 733 

length ± standard deviation in each condition (in micrometers). Cell measurements were made 734 
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using the ruler tool of the Adobe Photoshop 2021 software (v22.5.4 for Mac) and normalized to 735 

the scale bar (10 um) generated into the image by the Leica Application Suite X. 736 

 737 

Fig. 5. ChIP analyses of Taz1, Ccq1, and Pot1 at the proto-telomere before and after 738 

cleavage in wild type and ccq1∆ cells.  ChIP of taz1-GFP (A), pot1-myc (B), or Ccq1-FLAG 739 

(C) cells bearing the 2R-0 bp or the 2R-48 bp cassettes in a wild type and ccq1∆ background.  740 

Representative Southern blots, cut efficiency quantifications and doubling times of these strains 741 

are shown in Fig. S6.  The ChIP immunoprecipitations used an anti-GFP antibody (A, 632375, 742 

Clontech), an anti-myc antibody (B, 9E10, Abcam ab32), or an anti-FLAG M2 antibody (C, 743 
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F3165, Sigma-Aldrich).  The immunoprecipitated DNA was analyzed by qPCRs using 4 pairs of 744 

primers (Table S5) as represented by the arrows in the telomere cassette schematics above the 745 

graphs.  “-3 kb” (in purple) and “-0.4 kb” (in blue) are in the ura4+ gene that forms the telomere, 746 

and “+0.4 kb” (in green) and “+3 kb” (in dark green) are located in the hph+ gene that is 747 

degraded.  For the ccq1∆ taz1-GFP and ccq1∆ pot1-myc 2R-48 bp strains, only the 0, 2, and 4 748 

h time points aliquots were taken as almost all the ura4+ DNA cut fragment is degraded, 749 

preventing accurate quantitation.  “X” means not measured.  Cutting efficiencies of the tagged 750 

(Fig. S6) and untagged (Figs. 2D and 4E) strains were similar.  Error bars show standard 751 

deviations from three independent assays.  Statistically significant differences (p<0.05) are 752 

indicated by an asterisk.  In (A), a red asterisk means a statistically significant difference 753 

between taz1-GFP 2R48 bp and taz1-GFP 2R0 bp, whereas a green asterisk is between ccq1∆ 754 

taz1-GFP 2R48 bp and taz1-GFP 2R0 bp strains. 755 

 756 

 757 
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Fig. 6. The Rad3-Ccq1 telomerase recruitment pathway is not required for the stability of 758 

the newly formed short telomere.  rad3-D2249E (kinase-dead) (A), ccq1-T93A (B) and tpz1-759 

K75A-HA (C) cells bearing the 2R-48 bp cassette were treated and analyzed as in Fig. 2B.  The 760 

modal terminal restriction fragment sizes of the ura4+ cut band are presented in Table S6.  761 

Additional ccq1-T93A and tpz1-K75A Southern blots are shown in Fig. S8.  (D) Intensities 762 

normalized to the loading control of the 1.8 kb uncut ura4::hph bands of the inductions shown in 763 

A and B, derived as in Fig. 2D.  Error bars are derived from two independent Southern blot 764 

assays (values are in Table S1).  The wild type 2R-48 bp values from Fig. 2D are included for 765 

comparison.  (E) Doubling times of the cell cultures were determined by OD600nm prior to the 766 

ahTET induction (uninduced), 0-8 h post-induction and 8-32 h post-induction.  Error bars show 767 

standard deviations from at least three independent assays.  Statistically significant differences 768 

(p<0.05) are indicated by an asterisk.  The wild type and ccq1∆ 2R-48 bp values from Figs. 2E 769 

and 4D are included for comparison. 770 
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 771 

Fig. 7. The stability of the newly formed telomere requires the Ccq1-Tpz1 interaction but 772 

not Ccq1-Clr3 interaction.  clr3∆ (A) and tpz1-L449A-FLAG (B) cells bearing the 2R-48 bp 773 

cassette were treated and analyzed as in Fig. 2B.  The modal terminal restriction fragment sizes 774 

of the ura4+ cut band are presented in Table S6.  An additional tpz1-L449A Southern blot is 775 

shown in Fig. S9.  (C) Left panel.  Intensities normalized to the loading control of the 1.8 kb 776 

uncut ura4::hph bands of the inductions shown in A and B, derived as in Fig. 2D.  The wild type 777 
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and ccq1∆ 2R-48 bp values from Figs. 2D and 4E are included for comparison.  Right panel.  778 

Normalized intensities of the ura4+ cut bands of the inductions shown in Fig. 2B, 4C, and 7B 779 

were analyzed as in Fig. 4E.  The error bars for the tpz1-L449A 2R48 bp strain are derived from 780 

two independent Southern blots (values are in Tables S1 and S3).  (D) Doubling times of the 781 

cell cultures were determined by OD600nm prior to the ahTET induction (uninduced), 0-8 h post-782 

induction, and 8-24 (> 8 h) post-induction.  Error bars show standard deviations from at least 783 

three independent assays.  Statistically significant differences (p<0.05) are indicated by an 784 

asterisk.  The wild type and ccq1∆ 2R-48 bp values from Figs. 2E and 4D are included for 785 

comparison. 786 

 787 

 788 

Fig. 8. Eliminating Exo1 does not have a major effect on the newly formed short telomere 789 

stability in ccq1∆ cells.  (A-C) Cells lacking Exo1 in with the indicated genotypes were treated 790 

and analyzed as in Fig. 2B.  The modal terminal restriction fragment sizes of the ura4+ cut band 791 
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are presented in Table S6.  Additional Southern blots from independent experiments are shown 792 

in Fig. S10.  (D) Normalized intensities of the ura4+ cut bands of the inductions shown in Figs. 793 

4C and 8A-C, were analyzed as in Fig. 4E.  The error bars are derived from two independent 794 

Southern blot assays for panels A and B, and three independent assays for panel C (values are 795 

in Table S3).  (E) Doubling times of the cell cultures were determined by OD600nm prior to the 796 

ahTET induction (uninduced), 0-8 h post-induction, and 8-24 h (>8 h) post-induction.  Error bars 797 

show standard deviations from at least three independent assays.  Statistically significant 798 

differences (p<0.05) are indicated by an asterisk.  The wild type and ccq1∆ 2R-48 bp values 799 

from Figs. 2E and 4D are included for comparison. 800 
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Fig. 9. Eliminating Mre11 nuclease activity stabilizes the newly formed short telomere in 802 

ccq1∆ cells.  Cells lacking Mre11 (A-C) or with a Mre11 nuclease dead mutant (H134S)(D-F) 803 

with the indicated genotypes were treated and analyzed as in Fig. 2B.  The modal terminal 804 

restriction fragment sizes of the ura4+ cut band are presented in Table S6.  Additional Southern 805 

blots from independent experiments are shown in Fig. S10.  (G) and (H) Normalized intensities 806 

of the ura4+ cut bands of the inductions in mre11∆ strains (G) and mre11-H134S (H) were 807 

analyzed as in Fig. 4E, and the ccq1∆ data from Fig. 4E is repeated for comparison.  Error bars 808 

are derived from two or three independent repeats of each assay (values are in Table S3).  (I) 809 

Doubling times of the cell cultures were determined by OD600nm prior to the ahTET induction 810 

(uninduced), 0-8 h post-induction, and 8-32 h post-induction.  Error bars show standard 811 

deviations from at least three independent assays.  Statistically significant differences (p<0.05) 812 

are indicated by an asterisk.  The wild type and ccq1∆ 2R-48 bp values from Figs. 2E and 4D 813 

are included for comparison. 814 

 815 

 816 
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Fig. 10. Hypothesis for the roles of Ccq1 and Taz1 in restraining Mre11 degradation of 817 

telomeres.  Khayat et al. [56] recently identified an MRN/X inhibitory domain (called MIN) in 818 

Saccharomyces cerevisiae Rif2 and S. pombe Taz1, but while mutation of this domain altered 819 

S. cerevisiae telomeres, it had no effect on S. pombe telomere length or stability.  Ccq1 and 820 

Taz1 may therefore have redundant functions to inhibit Mre11-mediated degradation of the 821 

telomere.  At long telomeres in wild type cells, both Taz1 and Ccq1 act to restrain Mre11, while 822 

Taz1 provides this function at long telomeres in ccq1∆ cells.  At short telomeres (e.g. wild type 823 

cells with tracts shortened by breakage), Taz1 in limiting due to the reduced number of binding 824 

sites and Ccq1 restrains Mre11.  When telomere repeat tracts shorten in ccq1∆ cells, Mre11-825 

mediated degradation occurs when the amount of Taz1 protein falls below a threshold level and 826 

chromosomes either circularize or use a telomerase-independent mode of telomere replication. 827 
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