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experiments.

ABSTRACT

The G-quadruplex-forming consensus motif  G≥3NxG≥3NxG≥3NxG≥3 is found at telomeres 
of  many species, including humans and yeast, although their biological significance 
remains largely unknown. We study the in vivo relevance of  telomeric G-quadruplexes in 
Saccharomyces cerevisiae using a mutant telomerase RNA subunit (tlc1-tm) that introduces 
mutant [(TG)0–4TGG]nATTTGG telomeric repeats impaired in G-quadruplex formation, 
instead of  wild-type (TG)0-6TGGGTGTG(G)0-1 repeats, to the distal ends of  telomeres. 
tlc1-tm cells grow similar to wild-type cells. Circular dichroism, a standard in vitro method 
to assess G-quadruplex formation, shows that wild-type telomere sequences fold into 
G-quadruplexes, whereas tlc1-tm telomere sequences do not. G-quadruplexes have been 
proposed to promote telomere protection and to influence telomerase activity. Accordingly, 
stabilization of  G-quadruplexes by deletion of  the G-quadruplex unwinding helicase 
PIF1 rescues the telomere protection deficiency of  cdc13-1, but not cdc13-1 tlc1-tm cells. In 
addition, the telomere extension frequency is greatly increased in tlc1-tm cells, leading to 
long and heterogeneous-sized telomeres, and the tlc1-tm telomeric repeats are not counted 
by the mechanism that maintains telomere length homeostasis. Moreover, telomerase-
negative tlc1-tm cells senesce rapidly due to accelerated telomere shortening. We found that, 
at telomeres harbouring only tlc1-tm sequence, the recruitment of  the telomeric ssDNA 
binding protein Cdc13 is slightly increased. Remarkably, the recruitment of  the major 
telomere binding protein Rap1, which binds to and promotes the formation of  telomeric 
G-quadruplexes, is abolished. Taken together, our findings suggest that (i) tlc1-tm telomeres 
lack the ability to form G-quadruplexes and (ii) are unstable and require constant extension 
by telomerase to prevent their degradation. Additional experiments are being performed to 
determine whether the latter is a direct result of  the former.
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INTRODUCTION

Telomeres are nucleoprotein complexes located at the ends of  eukaryotic chromosomes. 
Telomeres protect chromosome ends from degradation, from telomere-telomere fusion 
events, and from being recognized as double-stranded breaks (Ferreira et al., 2004). 
Telomeres shorten with each cell division due to the end replication problem and nuclease-
dependent degradation. The reverse transcriptase enzyme telomerase counteracts telomere 
shortening by adding G-rich telomere repeats to the chromosome ends (Greider and 
Blackburn, 1985). 

Due to the G-rich nature of  telomeres, which is conserved across many species, 
from ciliates to mammals, telomeres have been proposed to form G-quadruplexes. 
G-quadruplexes are highly stable secondary structures that can form within one or more 
molecules of  G-rich DNA or RNA. A G-quadruplex is composed of  stacked G-quartets, 
planar structures formed by four guanines bound by hydrogen bonds, that are stabilized with 
a cation. Depending on the composition and origin of  the guanines, the G-quadruplexes 
can adopt different conformations: parallel or antiparallel, intramolecular or intermolecular 
(reviewed in Bochman et al., 2012). Intramolecular G-quadruplexes are predicted to form 
within sequences containing four runs of  at least three guanines (G≥3NxG≥3NxG≥3NxG≥3), 
although less stable structures can also be formed with only two stacked G-quartets 
(G2NxG2NxG2NxG2). Several other factors affect the stability of  G-quadruplexes, like the 
length of  the loop (the shorter, the more stable), the composition of  the G-rich region 
and the bound cation (the smaller the cation, the smaller the distance between G-quartets, 
making the structure more stable) (reviewed in Bochman et al., 2012).   

Telomeres consist of  a C-rich and a G-rich strand, the latter extending to form 
a 3′ single-stranded overhang. Both the telomeric single-stranded overhang and the 
transient single-stranded regions within the G strand formed during telomere replication 
are susceptible to G-quadruplex formation. Although most studies on G-quadruplexes 
have been carried out in vitro, there is also in vivo work supporting the existence of  
G-quadruplexes at telomeres. The best evidence comes from studies in Stylonychia lemnae, 
a ciliate whose macronuclei contain telomeres that were successfully recognized by an 
antiparallel G-quadruplex-specific antibody (Schaffitzel et al., 2001). 

Work in S. lemnae showed that G-quadruplexes function in both protection and 
nuclear envelope anchoring of  the chromosome ends (Paeschke et al., 2005). In addition, 
other functions of  telomeric G-quadruplexes have been proposed. There is in vitro evidence 
showing that parallel G-quadruplexes interact with Tetrahymena telomerase (Oganesian et 
al., 2007) and that, although there is some controversy (Li et al., 2013), intermolecular, but 
not intramolecular, G-quadruplexes allow extension by telomerase (Oganesian et al., 2006; 
Zhang et al., 2010; Moye et al., 2015), suggesting that G-quadruplexes influence telomerase 
activity. G-quadruplexes have also been proposed to have a protective role at Saccharomyces 
cerevisiae telomeres when the natural Cdc13-mediated capping is defective (Smith et al., 
2011).
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Wild-type yeast telomerase uses its TLC1 RNA subunit as a template to extend 
telomeres by adding (TG)0-6TGGGTGTG(G)0-1 repeats through iterative reverse 
transcription (Forstemann and Lingner, 2001). The Lingner lab generated a number of  
TLC1 mutants that are mutated in the templating region (Förstemann et al., 2003), one of  
which, referred to as tlc1-tm, results in the introduction of  mutant [(TG)0–4TGG]nATTTGG 
repeats at telomeres (Chang et al., 2007). Importantly, tlc1-tm repeats lack the GGG motif, 
which is present in every repeat of  wild-type telomeres. Therefore, the consensus sequence 
for the more stable form of  G-quadruplex formation is disrupted in mutant tlc1-tm 
sequences. 

Given the importance of  telomeres with respect to cancer and ageing and the 
therapeutic potential of  G-quadruplex-stabilizing compounds (Zimmer et al., 2016), 
understanding the function of  G-quadruplexes at telomeres is of  great importance. Due 
to the extensive in vitro characterization of  G-quadruplexes but the little evidence for 
their existence in vivo, the aim of  this study was twofold: first, to determine whether the 
G-quadruplex forming potential is impaired in tlc1-tm telomeres and, second, to use tlc1-
tm cells to study the in vivo role of  G-quadruplexes at S. cerevisiae telomeres. We found 
that wild-type telomeres can fold into G-quadruplex structures in vitro, whereas tlc1-tm 
telomeres are, as expected, impaired in G-quadruplex formation. We provide further in vivo 
evidence for a non-essential G-quadruplex-dependent rudimentary telomere protecting 
role when classical telomere capping is affected, as previously shown (Smith et al., 2011). 
Furthermore, we found that tlc1-tm telomeres are not bound by the major telomere binding 
protein Rap1, rendering the chromosome ends unprotected and subjected to continuous 
telomerase-dependent telomere extension. 

RESULTS

G-quadruplexes mediate a non-essential telomere protection function

To study the G-quadruplex forming potential of  tlc1-tm telomeres, we selected three 
wild-type and three tlc1-tm telomere sequences from natural telomeres and subjected 
them to measurement of  circular dichroism spectra after incubation with potassium. In 
agreement with previous in vitro studies reporting that yeast telomeric DNA can fold into 
G-quadruplex structures (Henderson et al., 1987; Giraldo et al., 1994), we found that all 
three oligonucleotides composed of  wild-type telomeric sequence generated a negative 
peak at 240 nm and a positive peak at 263 nm (Fig. 1a), which is the pattern that indicates 
G-quadruplex formation. We noticed that the height of  the peak differs among the different 
oligonucleotides. This could indicate that each oligonucleotide forms G-quadruplexes with 
different degrees of  stability. The differences in stability could be due to the different 
sequence compositions, regarding the total length of  the oligonucleotide and the number 
of  nucleotides between the G-tracks (Bochman et al., 2012). In contrast, none of  the 
oligonucleotides with tlc1-tm sequence formed the pattern that indicates the formation of  
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a G-quadruplex (Fig. 1a). We therefore conclude that tlc1-tm sequences are impaired in the 
formation of  G-quadruplexes. 
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Figure 1. Impaired G-quadruplex formation at tlc1-tm telomeres. a) Oligonucleotides with either wild-
type or tlc1-tm telomeric sequence were incubated with K+ prior to measurement of  circular dichroism spectra. 
Average of  three measurements is plotted. Oligonucleotide sequence composition is detailed in Supplementary 
Table 1. b) Serial dilutions of  strains with the indicated genotype were spotted onto YPD plates and grown 
for 3 days at 25ºC and 30ºC. c) A diploid cdc13-1/CDC13 tlc1-tm/TLC1 strain was dissected and the haploid 
progeny was grown at 22ºC and 25ºC. d) Exponentially growing cells of  the indicated genotype were diluted to 
OD600=0.1 and monitored for 8 hours to obtain a growth curve.

Stabilization of  G-quadruplexes upon overexpression of  the G-quadruplex 
binding protein Stm1, or deletion of  the helicase SGS1, confers telomere protection in 
a cdc13-1 background, when the single-stranded telomeric DNA binding and capping 
protein Cdc13 is defective (Smith et al., 2011). We followed this idea to characterize the in 
vivo ability of  tlc1-tm telomeres to form G-quadruplexes. To stabilize G-quadruplexes, we 
deleted PIF1, the best in vitro G-quadruplex unwinding helicase tested to date (Paeschke 
et al., 2013). Suppression of  cdc13-1 temperature sensitivity by deletion of  PIF1 has 
already been described (Downey et al., 2006). We found that pif1Δ cannot suppress the 
temperature sensitivity of  cdc13-1 in a tlc1-tm background (Fig. 1b). This result suggests 
that tlc1-tm telomeres remain uncapped even in the absence of  Pif1 because there are no 
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G-quadruplexes to stabilize. 
We noticed that cdc13-1 tlc1-tm cells grow more slowly than cdc13-1 cells even at 

25ºC (Fig. 1b), suggesting that G-quadruplex-mediated capping may be important even at 
a temperature where the Cdc13-1 mutant protein is only modestly impaired (Paschini et al., 
2012). This effect is even more striking upon dissection of  a cdc13-1/CDC13 tlc1-tm/TLC1 
diploid: we found no difference in the colony size formed by the haploid progeny at 22ºC, 
regardless of  their CDC13 and TLC1 status (Fig. 1c). However, cdc13-1 tlc1-tm spores were 
unable to germinate at 25ºC (Fig. 1c), although the cdc13-1 tlc1-tm spores that germinated 
at 22ºC were able to grow at 25ºC (Fig. 1b).

Despite the impaired ability of  tlc1-tm telomeres to protect chromosome ends, 
the viability of  tlc1-tm cells is indistinguishable from wild-type cells in the presence of  
wild-type Cdc13 (Fig. 1d), suggesting that the telomere protection function conferred by 
G-quadruplexes is not essential for cell viability and only turns important when telomeres 
become uncapped.  

tlc1-tm cells senesce very rapidly in the absence of  telomerase

In the absence of  telomerase, telomeres shorten with each cell division until one or a 
few critically short telomeres trigger senescence (Lundblad and Szostak, 1989). To address 
whether the G-quadruplex-mediated telomere protection is important when telomeres are 
unprotected, we rendered the telomeres uncapped in a different way than in cdc13-1 cells, 
and examined how tlc1-tm telomeres respond to telomere uncapping by telomerase loss. 
To do so, we sporulated diploid strains that were heterozygous for EST2 or TLC1, which 
encode the catalytic and RNA subunits of  telomerase, respectively, with either wild-type 
or mutant telomeres (tlc1Δ/TLC1 vs tlc1Δ/tlc1-tm and est2Δ/EST2 vs est2Δ/EST2 tlc1-
tm/tlc1-tm) and performed a senescence assay with the haploid progeny. In the presence 
of  wild-type telomeres but absence of  telomerase, telomeres shortened until the cells 
senesced after ~50 to 60 population doublings, as expected (Fig. 2a). A small subset of  the 
senescent population was then able to lengthen the telomeres by recombination-mediated 
mechanisms, forming so-called survivors. We found that cells containing mutant telomeres 
senesced extremely fast, only ~40 population doublings after telomerase loss (Fig. 2a). 
Because tlc1Δ cells containing wild-type or mutant telomeres are isogenic except for the 
composition of  telomere repeats, we can ensure that these effects are a consequence of  
the telomere sequence modification. We next examined the telomere length of  cells that 
had undergone ~33 population doublings after telomerase loss and found that telomerase-
positive tlc1-tm cells had telomeres that were on average ~185 bp longer than wild-type cells 
(Fig. 2b). We also found that, upon loss of  telomerase, mutant telomeres shortened more 
rapidly than wild-type telomeres, correlating with the accelerated senescence (Fig. 2b). 
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Figure 2. Uncapped telomeres in tlc1-tm cells. a) Senescence rate of  serially propagated strains of  the 
indicated genotypes. The strains were serially passaged and diluted to 2x105 cells/mL every 24 hours. Mean ± 
SEM of  four independent isolates per genotype is plotted. SEM = standard error of  the mean. b) Telomere 
Southern blot of  Y’ terminal restriction fragments from samples obtained from the senescence assay at the 
indicated time point (arrow). Black arrowhead indicates the band corresponding to BamHI-digested pYT103 
(Askree et al., 2004), used as internal control. 

Telomerase-dependent telomere extension is dramatically increased at tlc1-tm telomeres

The accelerated senescence and fast telomere shortening observed (Fig. 2) suggest that 
tlc1-tm telomeres are very dependent on telomerase-mediated telomere lengthening. To gain 
insight on telomere lengthening dynamics, we performed a slightly modified version of  
the inducible STEX assay. When performing iSTEX, the starting strain, where telomerase 
is expressed only in the presence of  galactose, contains wild-type telomeres. Telomerase 
expression is switched off, and simultaneously, wild-type TLC1 is replaced by the mutant 
tlc1-tm. Then, tlc1-tm telomerase expression is induced to allow telomere extension by the 
mutant telomerase (see chapter 2 for more details). In this case, we performed what we call 
reverse iSTEX, where the starting strain contains mutant instead of  wild-type telomeres. 
Mutant tlc1-tm is replaced by wild-type TLC1, allowing wild-type telomerase to extend 
mutant telomeres. Importantly, when acting on telomeres with wild-type sequence, tlc1-tm 
telomerase has been shown to preferentially elongate the shortest telomeres, as wild-type 
telomerase does, with a frequency, extent of  elongation and repeat-addition processivity 
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comparable to wild-type telomerase (Teixeira et al., 2004; Chang et al., 2007; Strecker et 
al., 2017; Stinus et al., 2017). We observed that telomere extension frequency strongly 
increased, from 20.5% extension of  wild-type telomeres (Strecker et al., 2017) to 92% 
extension of  mutant telomeres, showing that the vast majority of  tlc1-tm telomeres were 
extended (Fig. 3).  
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Figure 3. Telomerase extension-dependent tlc1-tm telomeres. Upper panel: telomere VI-R was amplified, 
cloned and sequenced after 2 h of  tlc1-tm telomerase induction. Each bar represents an individual telomere. 
Telomeres are sorted based on the length of  the undiverged sequence (black portion). Data in this panel are 
the same as the data shown in Supp. Fig. 2a in chapter 2 (Strecker et al., 2017). Lower panel: as in the upper 
panel, except in a tlc1-tm background with 2 h of  TLC1 telomerase induction. Telomeres are sorted based on 
the length of  the undiverged sequence (black + red portion). 

Telomere binding proteins are affected in tlc1-tm telomeres

Since tlc1-tm telomeres are composed of  telomeric sequence different from the wild type, 
it is possible that the modification of  the telomeric sequence could affect telomere binding 
proteins. We first visualized Cdc13 focus formation by fluorescence microscopy. Because 
the telomeric overhang is only about 12 to 15 nucleotides long (Larrivée et al., 2004), a 
single Cdc13 focus is visible only during late S phase, when the telomeres are replicated and 
the overhangs can be more than 30 nucleotides long (Wellinger et al., 1993). We therefore 
imaged asynchronously growing cells that contained YFP-tagged Cdc13 and RFP-tagged 
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Rad52 and made sure that the proportion of  budded and unbudded cells did not differ 
between wild-type and tlc1-tm cultures (Fig. 4a). We found a slight increase in the percentage 
of  cells that contained a Cdc13 focus (4.1% in wild-type vs 6.9% in tlc1-tm cells, p=0.026), 
suggesting that Cdc13 is able to bind tlc1-tm telomeres (Fig. 4b). However, no change was 
detected regarding the percentage of  cells with a Rad52 focus, which is an indicator of  
DNA damage (7.8% in wild-type vs 8.3% in tlc1-tm cells, p=0.425; Fig. 4b).
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Figure 4. Increased Cdc13 binding at tlc1-tm telomeres. a) Percentage of  budded and unbudded cells 
scored in asynchronously growing cultures. b) Asynchronously growing cells were imaged and the percentage 
of  cells that contained at least one Cdc13 or Rad52 foci is plotted. c) Chromatin immunoprecipitation of  
Protein A-tagged Cdc13 followed by qPCR at 1L, 15L and 6 Y’ telomeres. Mean ± SEM of  three independent 
biological replicates is shown. d) Chromatin immunoprecipitation of  Protein A-tagged Cdc13 followed by 
qPCR at engineered VII-L telomere. Mean ± SEM of  three independent biological replicates is shown. SEM 
= standard error of  the mean. 

To obtain quantitative data on how much Cdc13 binds to tlc1-tm telomeres, we 
performed chromatin immunoprecipitation experiments in strains with Protein A-tagged 
Cdc13 containing wild-type or tlc1-tm telomeres. We found that all tested telomeres (1L, 6 
Y’ and 15L) had increased Cdc13 binding; however, the increase at the 15L telomeres was 
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much more pronounced than at 1L and 6 Y’ chromosome ends (Fig. 4c). The centromere-
proximal portion of  all tlc1-tm telomeres contains wild-type sequence and the length of  
the mutant sequence added after this wild-type portion differs from telomere to telomere, 
which could account for the variability of  the results. To overcome this issue, we engineered 
a strain where the left arm of  chromosome VII is completely replaced by either wild-type 
or tlc1-tm telomere sequence (Fig. 1c) and repeated the experiment. We found that Cdc13 
is indeed increased at tlc1-tm telomeres (Fig. 4d), confirming that Cdc13 is able to bind 
tlc1-tm telomeres.

Interestingly, both microscopy and ChIP data suggest that Cdc13 is not only able 
to bind mutant telomeres, but appears to be slightly increased. This might indicate that 
tlc1-tm telomeres suffer nuclease-dependent C-strand resection, leaving the G-rich single-
stranded telomeric DNA exposed (Garvik et al., 1995), which is the substrate for Cdc13 
to bind.

We next quantified the amount of  the major double-stranded telomeric DNA 
binding protein and negative regulator of  telomerase Rap1 by ChIP-qPCR and found 
no difference in abundance of  Rap1 at 1L, 15L and 6 Y’ telomeres (Fig. 5a). However, 
considering that tlc1-tm telomeres become very long and that the C strand lacks the CCC 
motif, which is very important for Rap1 binding (Graham and Chambers, 1994), we 
could not exclude the possibility that these data are only reflecting Rap1 bound to the 
subtelomere-proximal region, and not to the distal part, where the mutant sequence is. To 
circumvent this problem, we repeated the experiment with the engineered VII-L telomere 
that is only composed of  mutant sequence and found that Rap1 binding is abolished in 
tlc1-tm cells (Fig. 5b).

Telomere homeostasis is altered in tlc1-tm cells

The fact that telomeres containing mutant repeats are longer on average and very 
heterogeneous in size (Fig. 2b), shows that tlc1-tm telomeres have altered telomere length 
homeostasis maintenance, which might be explained by the absence of  Rap1 (Fig. 5b). 
The drastic telomere shortening upon telomerase deletion suggests that the telomere 
lengthening is telomerase dependent (Fig. 2b), and the fact that the telomere lengthening 
persisted upon deletion of  RAD52 (Fig. 5c) shows that this phenomenon is recombination 
independent.



Investigating the role of G-quadruplexes at Saccharomyces cerevisiae telomeres

79

Ch
ap

te
r 4c

tlc
1∆/TLC1

tlc
1∆/tl

c1-tm TLC1

tlc
1-tm

rad52∆ rif1∆ rif2∆
rif1∆
rif2∆ rad50∆ rad27∆ elg1∆ tel1∆ pif1∆

TLC1

tlc
1-tm TLC1

tlc
1-tmTLC1

tlc
1-tmTLC1

tlc
1-tmTLC1

tlc
1-tmTLC1

tlc
1-tmTLC1

tlc
1-tmTLC1

tlc
1-tm TLC1

tlc
1-tm

TLC1

tlc
1-tm cdc13-1 cdc13-1

tlc1-tm

a b

0

1

2

3

4

5

6

7

8

9

10

1L 15L 6 Y'

%
 In

pu
t

TLC1
tlc1-tm

Rap1 ChIP

0

1

2

3

4

5

6

7

8

9

10

U
RA

3 
fo

ld
 c

ha
ng

e 
ov

er
 A

RO
1

Rap1-ProtA VII-L-WT::URA3 TLC1
Rap1-ProtA VII-L-MUT::URA3 tlc1-tm

Rap1 ChIP

Figure 5. Deregulation of  telomere length homeostasis in tlc1-tm cells. a) Rap1 ChIP-qPCR at 1L, 
15L and 6 Y’ telomeres. Mean ± SEM of  three independent biological replicates is shown. b) Chromatin 
immunoprecipitation of  Protein A-tagged Rap1 followed by qPCR at engineered VII-L telomere. Mean ± SEM 
of  three independent isolates is shown. SEM = standard error of  the mean. c) Telomere Southern blot of  
strains with the indicated gene that regulates telomere length mutated and either wild-type or tlc1-tm telomeres. 
Black arrowhead indicates the band corresponding to BamHI-digested pYT103 (Askree et al., 2004), used as 
internal control. 
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To follow up on these observations, we deleted a number of  genes that have 
been reported to regulate telomere length (Fig. 5c). Deletion of  RIF1, RIF2, RAD27, 
ELG1, PIF1 and cdc13-1 mutation have been reported to result in telomere lengthening, 
while the absence of  Rad50 and Tel1 are known to shorten telomeres (Schulz and Zakian, 
1994; Grandin et al., 1997; Parenteau and Wellinger, 1999; Askree et al., 2004; Gatbonton 
et al., 2006; Ungar et al., 2009). The combination of  tlc1-tm telomeres with deletion of  
RIF1, ELG1, PIF1, RAD50 and TEL1 appears to have an additive effect on telomere 
length. Interestingly, while deletion of  RIF2 in wild-type cells lengthened the telomeres 
as expected, rif2Δ tlc1-tm cells showed a very strong telomere lengthening. Although Rif1 
and Rif2, together with Rap1, negatively regulate telomerase (Wotton and Shore, 1997), it 
is clear that Rif2, and not Rif1, is more important for telomere homeostasis in tlc1-tm cells. 
The telomere lengthening phenotype was much stronger in rif1Δ TLC1 than in rif2Δ TLC1 
cells, but rif2Δ tlc1-tm telomeres were even longer than rif1Δ tlc1-tm telomeres, showing that 
the effect of  RIF2 deletion is not additive (Fig. 5c). The fact that either deletion of  RIF1 
or RIF2 results in longer telomeres in a tlc1-tm background is striking when considering that 
tlc1-tm telomeres are not bound by Rap1 (Fig. 5b). This suggests two possible scenarios: 
i) residual levels of  Rap1 at tlc1-tm telomeres are enough for Rif1 or Rif2 to be recruited 
or ii) Rif1 and Rif2 are recruited in a Rap1-independent manner; Rap1-independent Rif1 
recruitment has already been described (Mattarocci et al., 2017).  

Loss of  RAD27 also has a strong telomere lengthening phenotype and, in the 
case of  the temperature sensitive mutant cdc13-1, we observed a slight telomere shortening 
when mutant telomere repeats were introduced (Fig. 5c), indicating that Cdc13 is required 
for tlc1-tm telomeres to lengthen. Interestingly, the single mutants cdc13-1 and tlc1-tm alone 
generated longer telomeres, while the combination of  both mutations shortened the 
telomeres. 

tlc1-tm repeats are not counted as telomeric sequence in terms of  telomere length homeostasis

We wondered whether telomere length homeostasis deregulation of  engineered VII-L 
telomeres would be similar to what we previously observed (Figs. 2b and 5c). Cells 
expressing tlc1-tm telomerase contained long and heterogeneous VII-L telomeres, similar 
to the telomeres with mixed repeats, independently of  whether they contained a short 
stretch of  wild-type repeats internally placed or not (Fig. 6). Interestingly, VII-L telomeres 
containing a short stretch of  mutant repeats that was then extended by wild-type telomerase 
were also longer than completely wild-type telomeres. However, these telomeres were less 
heterogeneous in size and the increase in telomere length was very similar to the length of  
the internally placed mutant repeats (Fig. 6), suggesting that tlc1-tm repeats are not sensed 
as telomeric sequence. 
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Figure 6. Non-detection of  tlc1-tm repeats by the protein counting model. Telomere Southern blot with 
an URA3 probe against the engineered VII-L telomere. PD=population doubling.

DISCUSSION

The aim of  this study was twofold: first, to determine whether tlc1-tm telomeres have 
impaired G-quadruplex forming potential and, second, to use tlc1-tm cells to study the in 
vivo role of  G-quadruplexes at S. cerevisiae telomeres. Here, we show that tlc1-tm telomeres 
are indeed impaired in G-quadruplex formation and that lack of  G-quadruplexes renders 
the telomeres unprotected in cdc13-1 or telomerase-null cells. We therefore propose that 
G-quadruplexes provide a rudimentary and non-essential telomere protection function, as 
previously suggested (Smith et al., 2011).

A short region of  TLC1, the RNA subunit of  telomerase, is used as a template to 
introduce telomeric repeats to maintain the chromosome ends. The sequence of  the RNA 
template is modified in the tlc1-tm cells. This modification results in the incorporation of  
telomeric repeats with the sequence [(TG)0–4TGG]nATTTGG (Chang et al., 2007), instead 
of  the wild-type sequence (TG)0-6TGGGTGTG(G)0-1 (Forstemann and Lingner, 2001). 
Remarkably, the telomere repeats of  tlc1-tm cells lack the GGG motif  and, therefore, the 
consensus sequence required for the formation of  the more stable type of  G-quadruplexes 
is absent. We predicted that the lack of  such a consensus sequence would impair the 
ability of  tlc1-tm telomeres to fold into G-quadruplexes. Indeed, the inability of  tlc1-tm 
oligonucleotides to fold into G-quadruplexes, on the one hand, and the non-rescue of  
uncapped tlc1-tm telomeres by stabilization of  G-quadruplexes, on the other hand, agree 
with our prediction and further support the in vivo role for G-quadruplexes on telomere 
protection previously proposed (Smith et al., 2011). However, the many functions that have 
been proposed or are known to be performed by Pif1 could complicate the interpretation. 
For instance, Pif1 has been proposed to promote telomere resection and its absence could 
help telomere protection (Dewar and Lydall, 2010). In any case, tlc1-tm cells grow like 
wild-type cells, indicating that the G-quadruplex mediated telomere protection role is not 
essential.
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Even though S. cerevisiae cells are perfectly viable when impaired in telomeric 
G-quadruplex formation, we found that the telomere protection mediated by G-quadruplexes 
becomes important when other telomere capping mechanisms are absent or impaired, as 
previously suggested (Smith et al., 2011). In a cdc13-1 background, tlc1-tm cells are more 
sensitive to temperature than TLC1 cells. Similarly, when cells are depleted of  telomerase, 
those with impaired telomeric G-quadruplexes senesce very fast and suffer rapid telomeric 
sequence loss, which largely resembles the previously described accelerated senesce of  
cdc13-1 tlc1Δ cells (Nugent et al., 1996; Tsai et al., 2002). In addition, we found increased 
Cdc13 abundance at tlc1-tm telomeres, which might indicate stalled telomere replication 
forks and/or an increase in 5′ to 3′ nucleolytic resection at telomeres, because in both cases 
more ssDNA would be exposed and potentially bound by Cdc13. However, whether the 
amount of  ssDNA is increased in tlc1-tm telomeres remains to be determined. 

We have also observed that telomere homeostasis maintenance is affected in tlc1-
tm cells. The telomeric dysfunction of  cdc13-1 cells seems to impede the lengthening of  
tlc1-tm telomeres, since the combination of  both mutants leads to shorter telomeres than 
in the cdc13-1 or tlc1-tm single mutants. This might imply that, although tlc1-tm telomeres 
are generally longer than wild-type telomeres, the absence of  the two telomere capping 
mechanisms, namely Cdc13 and G-quadruplexes, impedes telomere lengthening. 

Telomere lengthening does not seem to be achieved by recombination-based 
mechanisms. Instead, the absence of  Rap1 bound to mutant telomeres can explain some 
aspects of  the telomere length deregulation observed. First, Rap1 is a negative regulator 
of  telomerase and, thus, telomere extension is facilitated in tlc1-tm telomeres. This results 
in telomeres that are constantly extended in a telomerase-dependent manner, giving rise to 
long telomeres. Second, the lack of  Rap1 might be the reason why tlc1-tm repeats are not 
counted as telomeric sequence in terms of  stablishing telomere length. Telomere length 
homeostasis maintenance is achieved by the so-called protein counting model (Marcand et 
al., 1997). According to this model, the extension of  a given telomere is inversely correlated 
to its Rap1/Rif1/Rif2 content and, therefore, to its length. Thereby, short telomeres are 
preferentially extended by telomerase because there is less telomere-bound Rap1/Rif1/Rif2 
to inhibit telomerase. Long telomeres, on the other hand, contain more Rap1/Rif1/Rif2 and 
telomerase inhibition is stronger, rendering those telomeres less accessible to telomerase. 
Hence, the telomeric repeats can be counted or sensed to stablish the appropriate telomere 
length. 

Interestingly, tlc1-tm telomeres, although long and heterogeneous, are limited in 
terms of  telomere length. They do not get extended indefinitely like, for instance, telomeres 
harbouring a Cdc13-Est1 fusion (Evans and Lundblad, 1999), suggesting the existence of  a 
telomere length limiting factor even though mutant repeats are not properly counted. Rif2 
is most likely absent in tlc1-tm telomeres, because it is recruited by Rap1 (Wotton and Shore, 
1997). Rif1 can, however, bind telomeric DNA independently of  Rap1 (Mattarocci et al., 
2017). It is also possible that residual levels of  Rap1, that might be enough to recruit Rif1 
and/or Rif2, are found at mutant telomeres. Whether Rap1 is able to bind tlc1-tm sequence 
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and the levels of  Rif1 and Rif2 bound to mutant telomeres need to be addressed to clarify 
how telomere lengthening is limited at tlc1-tm telomeres.

Remarkably, the fact that cells harbouring Rap1-free tlc1-tm telomeres are fit implies 
that the essential Rap1 function is not its telomeric function. Rap1 is a transcription factor 
that, besides its function at telomeres, binds many other loci to regulate gene expression 
(Graham and Chambers, 1994). We now know that telomere-bound Rap1 is not essential 
for cell viability. 

Interestingly, Rap1 has been shown to bind and promote the formation of  
telomeric G-quadruplexes (Giraldo and Rhodes, 1994), suggesting that the ability of  
a Rap1-free telomere to fold into a G-quadruplex might be impaired. However, we do 
not have evidence to link the absence of  Rap1 at tlc1-tm telomeres with their impaired 
G-quadruplex forming potential, and it remains to be addressed whether G-quadruplexes 
influence telomere length. 

Despite the increasing evidence for the existence of  telomeric G-quadruplexes 
and the different functions that they have been proposed to carry out, their biological role, 
if  any, remains unclear. In this study, we show that S. cerevisiae telomeric G-quadruplexes, 
although they protect the chromosome ends when the classical capping mechanisms are 
absent or impaired, are not essential for cell viability. However, it remains to be determined 
whether G-quadruplexes have a role in the maintenance of  telomere length homeostasis. 
Given that the main features of  telomeres, namely the general structure and function, are 
conserved among eukaryotes, and that the sequence composition required for G-quadruplex 
formation is present in many organisms, from yeast to humans, it is possible that telomere 
protection by G-quadruplexes is also not essential in other organisms.

MATERIALS & METHODS

Culturing of  yeast strains

Standard growth media and conditions were used to culture yeast cells (Sherman, 2002). 
Strain construction was performed by PCR-based gene deletion or tagging and a standard 
lithium acetate transformation method. Primer sequences can be found in Supplementary 
Table 2. The detailed genotypes of  the strains used in this study can be found in 
Supplementary Table 3. 

Construction of  TLC1 template mutant (tlc1-tm) cells 

To make a yeast strain that only expresses mutant telomerase, tlc1-tm was amplified from 
strains MCY415 or MCY416 using primers oSMS1 and TLC1-RV. Cycling conditions were: 
1) 30 seconds at 98ºC, 2) 8 seconds at 98ºC, 20 seconds at 54ºC and 2 minutes at 72ºC, 
repeat 30 times, and 3) 10 minutes at 72ºC. The resulting PCR product was transformed 
into yeast cells (see Supplementary Table 3) to replace the native TLC1. Transformants 
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were selected with geneticin (Bio-Connect, cat. no. SC-29065A, in the case of  MCY415 
cells) or nourseothricin (Jena Bioscience, cat. no. AB-101, for MCY416 cells) and genomic 
DNA was extracted using a Wizard® Genomic DNA Purification Kit (Promega). The 
TLC1 locus was again amplified using primers oSMS1 and TLC1-RV and sequenced by 
GATC Biotech using primer oSMS2 to confirm proper integration of  the mutant tlc1-tm 
allele. 

Once it was confirmed that the endogenous telomerase RNA template was 
replaced by tlc1-tm, strains were propagated for at least 150 population doublings to allow 
the addition of  mutant telomerase sequence to the telomeres, after which genomic DNA 
was again extracted. Telomeres were then amplified as previously reported (Förstemann et 
al., 2000; Chang et al., 2007) to verify that the mutant telomerase sequence had been added 
at the end of  the chromosomes. Briefly, 1 µL of  genomic DNA (~100 ng) was mixed with 
8 µL of  1x cutsmart buffer (New England Biolabs, NEB), boiled for 10 min at 94ºC and 
cooled down to 4ºC. Next, 1 µL of  tailing mix was added (0.05 µL terminal transferase 
(NEB, cat. no. M0315), 0.1 µL 10x cutsmart buffer (NEB, cat. no. B7204S), 0.1 µL 10mM 
dCTPs, 0.75 µL dH2O) and incubated for 30 minutes at 37ºC, 10 minutes at 65ºC, and 5 
minutes at 96ºC. Immediately after tailing, 30 µL of  PCR mix were added (4 µL 10x PCR 
buffer (670 mM Tris-HCl pH 8.8, 160 mM (NH4)2SO4, 50% glycerol, 0.1% Tween-20), 0.32 
µL 25mM dNTPs, 0.3 µL 100 µM telomere-specific primer, 0.3 µL 100µM G18 primer, 0.5 
µL Q5® High-Fidelity DNA Polymerase (NEB, cat. no. M0491), 24.68 µL dH2O). Cycling 
conditions were: 1) 3 minutes at 98ºC, 2) 30 seconds at 98ºC and 15 seconds at 68ºC, repeat 
35 times, and 3) 2 minutes at 72ºC. 

Telomere PCR products were then separated on 2.5% agarose gels and extracted 
using a NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, cat. no. 740609). The 
purified PCR products were cloned using a Zero Blunt® TOPO® PCR Cloning Kit 
(Invitrogen, cat. no. 450245). Individual clones were sequenced by GATC Biotech and the 
resulting data were analysed using Sequencher software (Gene Codes).

Viability spot assay

To assess the viability of  cells containing mutant telomeres, single colonies of  strains 
SSY228, SSY229, SSY230 and SSY231 were grown overnight at the indicated temperatures. 
Exponentially growing cultures were diluted to OD600=0.5, 10-fold serial dilutions were 
prepared, spotted onto YPD plates and grown for 2-3 days.

Circular dichroism measurement

Circular dichroism (CD) is a standard method to analyse whether a molecule of  DNA 
can fold into a G-quadruplex structure. To test the ability of  yeast telomeres to form 
G-quadruplexes in vitro, oligonucleotides with different sequence compositions (specified 
in Supplementary Table 3) were subjected to CD measurement. The oligonucleotides 
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were incubated in a 10 mM Tris pH 7.5 and 100 mM KCl solution in a final concentration 
of  5 µM. The mix was boiled for 5 minutes at 95ºC and then cooled down overnight. The 
CD spectra were then measured using a Jasco J-815 spectropolarimeter. Three reads per 
sample were taken at a wavelength range of  215–350 nm in a quartz cuvette with a 1 cm 
path length. Data were analysed using Spekwin32 software.  

Senescence assay

To study whether the senescence rate was affected in cells containing mutant telomere 
sequences, heterozygote diploids were dissected (strains CCY6, SSY108, CCY7 and SSY45) 
and the haploid progeny was genotyped by replica plating onto selective plates. The haploid 
strains were inoculated in YPD overnight. Next day morning (~15 hours later) cell density 
was measured using a CASY® cell counter, cells were diluted to 2x105 cells/ml and grown 
for 24 hours. The process was repeated every 24 hours during 7-8 days.  

Southern blotting of  telomeric terminal restriction fragments 

Southern blot was performed to analyse telomere length changes over the course of  the 
senescence assay. The probes used for the Southern blot were DIG-labelled using a DIG 
Oligonucleotide 3′-End Labelling Kit, 2nd Generation (Roche, cat. no. 3353575910). The 
DIG-labelling reaction was as follows: 100 pmol oligonucleotides were mixed with 4 µL 
reaction buffer, 4 µL CoCl2 solution, 1 µL DIG-ddUTPs and 1 µL terminal transferase in a 
final volume of  20 µL. The reaction was incubated 1 hour at 37ºC, stopped by addition of  2 
µL 0.2 M EDTA and diluted in 22 mL DIG easy hyb buffer (Roche, cat. no. 11603558001). 
The DIG-labelled probes were stored at -20ºC. The sequence of  the wild-type TG probe 
was 5′-TGTGGGTGTGGTGTGTGGGTGTGGTG-3′ and the sequence of  the mutant 
TG probe was 5′-GTGTGGTGTGTGTGGTGTGGTGTGGT-3′. 

To perform the Southern blot, genomic DNA was isolated from saturated cultures 
using the Wizard® Genomic DNA Purification Kit (Promega), XhoI-digested overnight 
at 37ºC and quantified in a small 0.8% agarose gel. DNA (4 µg) was loaded together with 1 
µg of  BamHI-digested pYT103 (Askree et al., 2004) in a 15 cm x 15 cm 0.8% agarose gel 
with EtBr and run at 130 V for 2 hours and 45 minutes. The gel was then incubated for 15 
minutes in 0.25 N HCl and for 30 minutes in 0.4 N NaOH. DNA was then transferred to a 
positively charged nylon membrane (Sigma, cat. no. 11417240001) using a vacuum at 5 Hg 
for 1 hour in 10x SSC. The membrane was then rocked for 1 hour in denaturing solution 
(1.5 M NaCl, 0.5 M NaOH, pH 7.5) and 2x 10 minutes in neutralization solution (0.5 M 
Tris-HCl, 1 M NaCl, pH 7.5). Pre-hybridization of  the membrane was done for 1 hour at 
39ºC in DIG easy hyb buffer and was followed by overnight hybridization with a mix of  
DIG-labelled wild-type and mutant TG probes at 39ºC (previously denatured 10 minutes 
at 68ºC and briefly cooled down in ice). The membrane was then washed 2x at 39ºC for 
5 minutes with low stringency buffer (2x SSC, 0.1% SDS), 2x at 39ºC for 20 minutes with 
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high stringency buffer (0.5x SSC, 0.1% SDS) and briefly at RT with DIG washing buffer 
(0.1 M maleic acid, 0.15 M NaCl, 0.3% Tween-20, pH 7.5). Blocking was performed for 
30 minutes with blocking reagent (Roche, cat. no. 11096176001) diluted to 1x in maleic 
acid buffer (0.1 M maleic acid, 0.15M NaCl, pH 7.5). The membrane was next incubated 
for 30 minutes with 0.075 U/mL Anti-Digoxigenin-AP Fab fragments (Roche, cat. no. 
11093274910) in 20 mL blocking solution, washed 4x for 15 minutes with DIG washing 
buffer and incubated 5 minutes with detection buffer (0.13 M Tris, 0.1 M NaCl, pH 9.5). 
Detection was done with CSPD (Roche, cat. no. 11655884001) diluted to 0.25 mM in 
detection buffer. The membrane was kept for 5 minutes in the dark at RT and 15 minutes 
in the dark at 37ºC. Imaging was captured with ChemiDoc (Biorad). 

Inducible STEX assay

iSTEX was performed as previously described (Strecker et al., 2017). For the analysis, the 
telomeric sequences were aligned to a reference sequence. The telomeric sequences that 
matched the reference sequence were named “undivergent”, whereas those sequences that 
diverged from the reference sequence were called “divergent”. 

Fluorescence microscopy

To visualize fluorescently tagged proteins, cells were cultured in synthetic complete medium 
supplemented with adenine (100 µg/mL). Exponentially growing cells were imaged and 
deconvoluted with a Delta Vision microscope with the following settings: 30 stacks, one 
each 0.2 µm; YFP channel: 1 second exposure and 100% transmittance; RFP channel: 
0.4 second exposure and 32% transmittance; CFP channel: 0.2 second exposure and 32% 
transmittance. The images were analysed using ImageJ software.  

Chromatin immunoprecipitation and qPCR

To quantify the amount of  telomere-bound proteins, chromatin immunoprecipitation 
(ChIP) followed by qPCR was performed essentially as described (Graf  et al., 2017). Rap1 
antibody was kindly provided by Brian Luke (Rap1 Y-300, Santa Cruz Biotech). For Rap1 
ChIP, Protein G Sepharose 4 Fast Flow beads were used and, for Protein A ChIP, IgG 
sepharose beads 6 Fast Flow beads (GE Healthcare). qPCR was performed as described 
(Graf  et al., 2017) or with a LightCycler® 480 (Roche). The sequence of  the primers used 
is detailed in the Supplementary Table 2.  

Engineering the VII-L telomere

To generate a telomere that would contain only mutant telomerase sequence, a double-
stranded oligonucleotide with the desired sequence (specified in Supplementary Table 
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4) was generated by annealing two complementary single-stranded oligonucleotides. The 
stock concentration of  each oligonucleotide was 100 µM; 20 µL of  each were mixed with 
10 µL 5x T4 ligase buffer (NEB) and denatured for 5 minutes at 100ºC. The temperature 
was then gradually reduced to 25ºC by decreasing 1ºC every 30 seconds, to allow annealing 
of  the single-stranded oligonucleotides. The resulting double-stranded oligonucleotide was 
cleaned with a NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel) and eluted in 
30 µL elution buffer. Both the resulting double-stranded oligonucleotide and the plasmid 
pVII-L-URA3-TEL (Gottschling et al., 1990) were digested overnight at 37ºC with BamHI-
HF and EcoRI-HF. The plasmid was then treated with antarctic phosphatase (NEB) to 
avoid self-ligation. To this end, 1 pmol DNA, 2 µL 10x antarctic phosphatase reaction 
buffer, 5 U antarctic phosphatase and H2O to 20 µL were mixed, incubated for 30 minutes 
at 37ºC, followed by 2 minutes at 80ºC to stop the reaction. The digested plasmid and 
double-stranded oligonucleotide were again cleaned with a NucleoSpin® Gel and PCR 
Clean-up kit (Macherey-Nagel). Ligation reaction was set up as follows: 2 µL 10x T4 DNA 
ligase buffer, 50 ng vector DNA, 37.5 ng insert DNA, 1 µL T4 DNA ligase (NEB) and 
H2O to 20 µL. The mixture was incubated for 10 minutes at RT, inactivated for 10 minutes 
at 65ºC and transformed into competent cells. The plasmid was then prepped and digested 
overnight at 37ºC with EcoRI-HF and SalI-HF. The digested plasmid was transformed 
into the yeast cells. Genomic DNA was isolated from transformed yeast cells and telomere 
VII-L was amplified and sequenced as described before to confirm the correct insertion of  
the mutant telomere. 
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SUPPLEMENTARY DATA

Supplementary Table 1: Oligonucleotide sequences subjected to circular dichroism 
measurements.

Name 5’ to 3’ sequence Length (nt)
WT telo 1 TGGGTGTGGTGTGTGGGTGTGGTGTGTGGGTGTGGTGTGGG 41
WT telo 2 TGTGTGGGTGTGGGTGTGGGTGTGTGGGTGTG 32
WT telo 3 TGGGTGTGGTGTGTGTGTGTGTGGGTGTGGTGTGGGTGTGGG 42
MUT telo 1 TGTGGTGTGGTGTGTGGTGTGGTGTGTGGTGGT 33
MUT telo 2 TGTGGTGTGGATTTGGTGTGTGTGGTGTGTGGTGTG 36
MUT telo 3 TGGTGTGGTGTGTGGTGTGTGGTGTGTGGATTTGGTGTGGTG 42

Supplementary Table 2: PCR and qPCR primers.

Name 5’ to 3’ sequence Source
oSMS1 ACCTGCCTTTGCAGATCCTT This study
oSMS2 TGTAGATGCTTGTGTGTG This study
TLC1-RV TTATCTTTGGTTCCTTGCCG This study
VI-R ACGTGTGCGTACGCCATATCAATATGC Chang et al., 2007
TEL7L GACATTATTATTGTTGGAAGAGGACTATTTGC Phillips et al., 2015
G18 CGGGATCCG18 Förstemann et al., 2000
oBL292 (actin) CCCAGGTATTGCCGAAAGAATGC Graf  et al., 2017
oBL293 (actin) TTTGTTGGAAGGTAGTCAAAGAAGCC Graf  et al., 2017
oBL295 (1L) CGGTGGGTGAGTGGTAGTAAGTAGA Graf  et al., 2017
oBL296 (1L) ACCCTGTCCCATTCAACCATAC Graf  et al., 2017
oLK49 (6Y’) GGCTTGGAGGAGACGTACATG Graf  et al., 2017
oLK50 (6Y’) CTCGCTGTCACTCCTTACCCG Graf  et al., 2017
oLK57 (15L) GGGTAACGAGTGGGGAGGTAA Graf  et al., 2017
oLK58 (15L) CAACACTACCCTAATCTAACCCTGT Graf  et al., 2017
Rif1-FW AAGTCAACAGAAGGCAGG This study
Rif1-RV CCATCATAAAGATTGAAG This study
Rif1-chk-FW TCTTAGATTTACATCGTG This study
Rif2-FW ACTCCATATCCGTAACCG This study
Rif2-RV TTATGATTTCATTCACCG This study
Rif2-chk-FW TTCAATGTAAATAAATCC This study
Pif1-FW CTTCAAATGCCTTCTTCCGC This study
Pif1-RV GGCATTGTGAGTTAGTCTCC This study
Pif1-insertion-FW CGACAGCAACAAATTCCAGG This study
Rad52-FW GTGAAATCACCACAGTTTGGAT This study
Rad52-RV ACCTAAGGATTCCGCTGAAA This study
Rad52-insertion-FW GGATGCTGCCCATGCTATAG This study
Rad50-FW GCGCAGTAGCTCATTTCGA This study
Rad50-RV GGTGCTTACGTGCTTGCTAAG This study
Rad50-insertion-FW GAAGGAGCGGGGAGTCAT This study
Rad27-FW CAGCAGGATCACAGATAACG This study
Rad27-RV TGTCGAAGGCATTACGATGG This study
Rad27-insertion-FW CATCATACCAAGCACCCAAG This study
Elg1-FW GTTCACCCACATCAGAATGG This study
Elg1-RV TCTATTGGCTGCACCATCTG This study
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Name 5’ to 3’ sequence Source
Elg1-insertion-FW GGTCGTATTGCCGGTAAAGA This study
Tel1-FW CGTGATAGGAGGGTCTAT This study
Tel1-RV CTCAGAATTTACGGGCAC This study
Tel1-insertion-FW CTCCGGTGTTGTTGTGTA This study
KanB CTGCAGCGAGGAGCCGTAAT Yeast Deletion Project

Supplementary Table 3: Genotype of  yeast strains.

Name Background Genotype Source
MCY415 BY4741 MATα tlc1-tm::kanMX Chang et al., 2007 
MCY416 BY4741 MATα tlc1-tm::natMX Chang et al., 2007
YBJ1 PSY316 MATα ura3-52 leu2-3,112 his3-200 ade2-101 lys2-801 Park et al., 1999
YBJ120 PSY316 MATα cdc13-1 ura3-52 leu2-3,112 his3-200 ade2-101 lys2-801 Smith et al., 2011
SSY228 PSY316 MATα pif1ΔnatMX cdc13-1 This study
SSY229 PSY316 MATα pif1ΔnatMX cdc13-1 This study
SSY230 PSY316 MATα pif1ΔnatMX tlc1-tm::kanMX cdc13-1 This study
SSY231 PSY316 MATα pif1ΔnatMX tlc1-tm::kanMX cdc13-1 This study
SSY174 W303 MATa/α rad52ΔkanMX/RAD52 tlc1ΔHIS3/TLC1 This study
SSY175 W303 MATa/α rad52ΔkanMX/RAD52 tlc1ΔHIS3/tlc1-tm::natMX This study
CCY6 W303 MATa/α est2Δ/EST2 This study
SSY108 W303 MATa/α est2Δ/EST2 tlc1-tm::natMX/tlc1-tm::natMX This study
CCY7 W303 MATa/α tlc1Δ/TLC1 This study
SSY45 W303 MATa/α tlc1Δ/tlc1-tm::natMX This study

ML444-10B W303 MATa RAD52-RFP CDC13-YFP RAP1-CFP::LEU2 ADE2 
trp1-1 LYS2 Michael Lisby

SSY47 W303 MATa tlc1-tm::kanMX RAD52-RFP CDC13-YFP RAP1-CF-
P::LEU2 ADE2 trp1-1 LYS2 This study

SSY150 W303 MATα ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 ura3-1 RAD5 This study
SSY151 W303 MATa ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 ura3-1 RAD5 This study
SSY152 W303 MATα ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 ura3-1 RAD5 This study

SSY153 W303 MATa tlc1-tm::kanMX ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 
ura3-1 RAD5 This study

SSY154 W303 MATa tlc1-tm::kanMX ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 
ura3-1 RAD5 This study

SSY155 W303 MATa tlc1-tm::kanMX ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 
ura3-1 RAD5 This study

SSY112 W303 MATα Cdc13-Protein A This study
SSY115 W303 MATα Cdc13-Protein A tlc1-tm::natMX This study
SSY49 W303 MATα ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 ura3-1 RAD5 This study
SSY51 W303 MATα tlc1-tm::natMX This study
SSY99 W303 MATα rad52ΔkanMX This study
SSY102 W303 MATα rad52ΔkanMX tlc1-tm::natMX This study
SSY98 W303 MATα rif1ΔHIS3MX This study
SSY100 W303 MATα rif1ΔHIS3MX tlc1-tm::natMX This study
SSY109 W303 MATα rif2ΔHIS3MX This study
SSY101 W303 MATα rif2ΔHIS3MX tlc1-tm::natMX This study
SSY160 W303 MATα rif1ΔHIS3MX rif2ΔHIS3MX This study
SSY167 W303 MATα rif1ΔHIS3MX rif2ΔHIS3MX tlc1-tm::natMX This study
SSY140 W303 MATα rad50ΔkanMX This study
SSY143 W303 MATα rad50ΔkanMX tlc1-tm::natMX This study
SSY133 W303 MATα rad27ΔkanMX This study
SSY136 W303 MATα rad27ΔkanMX tlc1-tm::natMX This study
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Name Background Genotype Source
SSY132 W303 MATα elg1ΔkanMX This study
SSY135 W303 MATα elg1ΔkanMX tlc1-tm::natMX This study
SSY110 W303 MATα tel1ΔURA3 This study
SSY111 W303 MATα tel1ΔURA3 tlc1-tm::natMX This study
SSY134 W303 MATα pif1ΔkanM This study
SSY137 W303 MATα pif1ΔkanMX tlc1-tm::natMX This study
SSY243 W303 MATa cdc13-1 This study
SSY244 W303 MATα cdc13-1 This study
SSY253 W303 MATα cdc13-1 tlc1-tm::natMX This study
SSY254 W303 MATa cdc13-1 tlc1-tm::natMX This study

SSY342 W303 MATa tlc1-tm::hphMX GALLp::natNT2-EST1 bar1ΔLEU2 
DIA5-1 RAD5 This study

SSY370 W303 MATa VII-L::URA3 RAD5 This study
SSY371 W303 MATa VII-L::URA3 RAD5 This study
SSY372 W303 MATa VII-L::URA3 RAD5 This study
SSY373 W303 MATa VII-L::URA3 tlc1-tm::natMX RAD5 This study
SSY374 W303 MATa VII-L::URA3 tlc1-tm::natMX RAD5 This study
SSY375 W303 MATa VII-L::URA3 tlc1-tm::natMX RAD5 This study
FRY10 W303 MATa VII-L-MUT::URA3 RAD5 This study
FRY11 W303 MATa VII-L-MUT::URA3 RAD5 This study
FRY12 W303 MATa VII-L-MUT::URA3 RAD5 This study
FRY18 W303 MATa VII-L-MUT::URA3 tlc1-tm::natMX RAD5 This study
FRY19 W303 MATa VII-L-MUT::URA3 tlc1-tm::natMX RAD5 This study
FRY20 W303 MATa VII-L-MUT::URA3 tlc1-tm::natMX RAD5 This study

Supplementary Table 4: Mutant sequences used to replace the VII-L telomere. Sequence 
in bold corresponds to BamHI restriction site and underlined sequence corresponds to EcoRI 
restriction site.

Name 5’ to 3’ sequence

MUT telo GCCACGGATCCGGTGGTGTGGTGTGTGGTGTGGTGTGGTGTGGTGTGGTGTGGTGT
GTGGTGGTGTGGTGTGTGGTGTGGTGTGGTGTGGTGGAATTCAGATGC

Rev-com
MUT telo

GCATCTGAATTCCACCACACCACACCACACCACACACCACACCACCACACACACCACACCA
CACCACACCACACCACACCACACACCACACCACCGGATCCGTGGC
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