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ABSTRACT The core assumption driving the use of conditional loss-of-function reagents such as temperature-sensitive mutations is
that the resulting phenotype(s) are solely due to depletion of the mutant protein under nonpermissive conditions. However, prior
published data, combined with observations presented here, challenge the generality of this assumption at least for telomere biology:
for both wild-type yeast and strains bearing null mutations in telomere protein complexes, there is an additional phenotypic
consequence when cells are grown above 34°. We propose that this synthetic phenotype is due to a naturally thermolabile activity that
confers a telomere-specific defect, which we call the Tmp~ phenotype. This prompted a re-examination of commonly used cdc73-ts
and stn7-ts mutations, which indicates that these alleles are instead hypomorphic mutations that behave as apparent temperature-
sensitive mutations due to the additive effects of the Tmp~ phenotype. We therefore generated new cdc73-ts reagents, which are
nonpermissive below 34°, to allow examination of cdc73-depleted phenotypes in the absence of this temperature-dependent defect. A
return-to-viability experiment following prolonged incubation at 32°, 34°, and 36° with one of these new cdc73-ts alleles argues that
the accelerated inviability previously observed at 36° in cdc73-1 rad9-A mutant strains is a consequence of the Tmp~ phenotype.
Although this study focused on telomere biology, viable null mutations that confer inviability at 36° have been identified for multiple
cellular pathways. Thus, phenotypic analysis of other aspects of yeast biology may similarly be compromised at high temperatures by

pathway-specific versions of the Tmp~ phenotype.

ELOMERE research in the budding yeast Saccharomyces

cerevisiae has made substantial contributions for ~30
years, starting with the cloning of yeast telomeres (Szostak
and Blackburn 1982; Shampay et al. 1984) and the identi-
fication of the first mutant strains with altered telomere
length (Carson and Hartwell 1985; Lustig and Petes
1986). Subsequent studies have identified numerous factors
that contribute to yeast telomere function. Two key com-
plexes are a telomerase complex (composed of the TLC1
RNA and the Estl, Est2, and Est3 proteins) that is respon-
sible for elongating the G-rich strand of chromosome termini
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and a heterotrimeric complex that we have called the t-RPA
complex (Gao et al. 2007), composed of the essential genes
CDC13, STN1, and TEN1, which recruits telomerase to chro-
mosome ends and also confers an essential protective func-
tion. In addition, numerous proteins share roles at telomeres
and double-strand breaks (Tell, the Mrell/Rad50/Xrs2
complex, and the Ku heterodimer are three examples),
and a cohort of proteins negatively regulate telomere length
(Rapl, Rifl, and Rif2, as well as components of DNA repli-
cation machinery). Genome-wide efforts have expanded this
list with the inclusion of several hundred additional genes
(Askree et al. 2004; Gatbonton et al. 2006) that impact
telomere function either directly or indirectly. Collectively,
this very large panel of defined mutations in known genes
has been the basis for numerous in vivo analyses of the
consequences of perturbing telomere homeostasis.

In this study, we address an additional factor that impacts
chromosome termini even in wild-type yeast: the temperature
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at which cells are propagated. Compelling evidence for
a temperature-induced impact on telomeres was first un-
covered with the characterization of yeast strains bearing
null mutations in either of the two subunits of the Ku
heterodimer. Although viable at lower temperatures, yku70-A
and yku80-A strains exhibit a RAD9-dependent terminal ar-
rest phenotype at 36°, arresting after limited propagation as
large-budded cells (Feldmann and Winnacker 1993; Feld-
mann et al. 1996; Barnes and Rio 1997). This is accompa-
nied by a DNA damage response (Barnes and Rio 1997; Teo
and Jackson 2001), arguing that cell death is due to unre-
paired DNA damage although the molecular basis for invia-
bility is a subject of some speculation (Fellerhoff et al. 2000;
Gravel and Wellinger 2002; Smith et al. 2008). Regardless
of the mechanism, the temperature-dependent change in
the phenotype of strains bearing null mutations in the Ku
heterodimer reveals a thermolabile activity which is Ku-
independent. Several other observations are also consistent
with a temperature-dependent contribution, as telomeres
in wild-type yeast become slightly shorter when cells are
propagated at 37° (Grandin and Charbonneau 2001). In
addition, est1-A null strains have a more exacerbated growth
defect when propagated at higher temperatures (Lundblad
and Szostak 1989).

These observations suggest that the phenotype of strains
with mutations in any gene affecting telomere maintenance
might become more severe at higher temperatures. In this
study, we systematically analyzed the contribution of tem-
perature to the growth properties of strains bearing null
mutations in two key telomere complexes (telomerase and
the t-RPA complex), which has revealed a pronounced
impact on growth and viability in these null mutant strains
at temperatures >34°. This provides further support for
a naturally occurring thermolabile activity that, when im-
paired at higher temperatures, gives rise to a telomere-specific
phenotype, which we propose to call the temperature (Tmp )
phenotype. This also raises the possibility that mutations in
CDC13, STN1, and TEN1 that exhibit temperature-sensitive
(ts) growth may not be ts for activity, but instead are partial
loss-of-function mutations at all temperatures. Consistent
with this, we present data indicating that the widely used
cdc13-1 mutation encodes a protein that is impaired for
function even at the permissive temperature of 23°, rather
than a thermolabile protein. Similarly, analysis of an exten-
sive panel of stn1~ missense mutations, including the pre-
viously isolated stnl1-13 and stn1-63 mutations, reveals
a strikingly similar phenotype: defective telomere mainte-
nance at 23° combined with impaired growth only at tem-
peratures >34°. We propose that this growth phenotype is
due to an additive effect, as the result of a hypomorphic
stn1~ mutation combined with the Tmp~— phenotype, rather
than a temperature-dependent impairment of STNI func-
tion. A similar explanation potentially applies to a recently
reported panel of tenl~ mutations (Xu et al. 2009), which
we surmise may also be partial loss-of-function mutations
rather than ts alleles.

80 M. Paschini et al.

Numerous prior studies with the cdc13-1 mutant strain
have been performed at 36°. However, if the cdc13-1 enco-
des a protein that is severely impaired at all temperatures,
and if a naturally thermolabile activity further impairs func-
tion above 34°, this raises questions about phenotypic anal-
ysis of cdc13-1 strains at 36°. We therefore generated a new
panel of cdc13-ts mutant strains that encodes thermolabile
proteins and exhibits nonpermissive temperatures from 30°
to 33°, thereby allowing a reinvestigation of phenotypes in
cells depleted of the Cdc13 protein under conditions where
the Tmp~ phenotype does not contribute. Previous analysis
has indicated that cdc13-1 strains rapidly become inviable
following incubation at 36° through a RAD9-dependent
mechanism. However, when this experiment was repeated
with one of the newly isolated cdc13-ts strains, loss of via-
bility in the absence of RAD9 was minimal at the fully non-
permissive temperature of 32° and became substantial only
at 34°-36°. This indicates that inviability is the combined
consequence of three defects (in CDC13, RAD9, and the
thermosensitive activity) and further suggests that analysis
of phenotype(s) of cdc13-ts strains at =34° may be monitor-
ing defect(s) that are not solely attributable to loss of CDC13
function.

Materials and Methods
Yeast strains and plasmids

All yeast strains, described in Table 1, were isogenic. Inte-
grated alleles of CDC13 and STN1 were introduced into the
genome as URA3 pop-in integrants, Ura™ “pop-outs” were
selected on 5-FOA, and the status of the CDC13 or STNI
locus was assessed by PCR and sequencing to confirm that
the relevant mutation was correctly integrated. A list of the
plasmids as well as the starting vectors used for each set of
plasmid constructions are in Tables 2 and 3.

Genetic methods

Standard genetic methods (telomere length analysis, tetrad
dissection, plasmid shuffle, viability assays, and flow cytom-
etry) were performed as previously described (Lendvay et al.
1996; Paschini et al. 2010). For senescence assays, the rel-
evant diploid strains were dissected, and the growth char-
acteristics of tlc1-A strains were analyzed by three successive
streak-outs on rich media and scored for growth after 3
days. This assay employed very large numbers of isolates
to address the high degree of variability displayed by telo-
merase-defective strains undergoing senescence; senescence
was also assessed genotype-blind for the analysis shown in
Figure 8 (see Gao et al. 2010 for a more detailed discussion
of this protocol).

Mutagenesis protocols

Two forward mutagenesis screens of CDC13 were conducted.
In the first, pvL440 (containing the intact CDC13 gene) was
propagated in an Escherichia coli mutator strain as described


http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004897
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004712
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002625
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004223
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004000
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004000
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002625
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002625
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002625
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000747
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000006657
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379

Table 1 Strains used in this study

Strain Genotype

JB811 MATa leu2 trp1 ura3-52 prb~ prc~ pep4-3

YVL3006 MATa cdc13-A::LYS2 ura3-52 lys2-801 trp1-A1 his3-A200 leu2-A1/pVL438

YVL2394 MATa stn1-A::kanMX6 ura3-52 lys2-801 trp1-A1 his3-A200 leu2-A1 ade2-101/p1046

YVL35842 MATale ticT-A::HIS3/TLCT

YVL36212 MATa/ee ticT-A::HIS3/TLCT cgil121-A::kanMX6/CGI121 ade2-101/ade2-101

YVL20042 MATalMATa cdc13-A::LYS2/CDC13 rad24-A::HIS3/RAD24 ade2-101/ade2-101

YVL36442 MATa/MATa cdci13-A::LYS2/CDC13 rad24-A::HIS3/RAD24 ade2-101/ade2-101
cgi1121-A::cNAT/CGIT121

YVL20052 MATalMATa cdc13-A::LYS2/CDC13 rad17-A::HIS3/RAD17 ade2-101/ade2-101

YVL2060? MATal/MATea cdc13-A::LYS2/CDC13 mec3-A::kanMX6/MEC3 ade2-101/ade2-101

YVL20722 MATa/MATa cdci3-A::LYS2/CDC13 rad50-A::kanMX6/RAD50 ade2-101/ade2-101

YVL2090? MATalMATea stn1-A::kanMX6/STN1 rad24-A::HIS3/RAD24 ade2-101/ade2-101

YVL20912 MATa/MATa ten1-A::kanMX6/TENT rad24-A::HIS3/RAD24 ade2-101/ade2-101

YVL34612 MATa/MATea stn1-173A/STNT

YVL34632 MATa/MATa stn1-173S/STN1

YVL34742 MATa/MATea stn1-G137A/STNT

YVL34702 MATalMATa stn1-G1375/STN1

YVL3658P MATa cdc13-S611L

YVL3660° MATa cdc13-F684S

YVL3662° MATa cdc13-S531F

YVL3664P MATa cdc13-N609A

YVL3666° MATa cdc13-F683L

YVL3806P MATa cdc13-5611L rad9-A::kanMX6

9 Additional genotype: ura3-52/ura3-52 lys2-801/lys2-801 trp1-A1/trp1-A1 his3-A200/his3-A200 leu2-A1/leu2-Al.
b Additional genotype: bar1-A:cNAT ura3-52 lys2-801 trp-Al his3-A200 leu2-Al.

previously (Bertuch and Lundblad 2003) to generate a mutant
library of 17,000 plasmids, which was transformed into
YVL3006 (a cdc13-A/p CDCI13 URA3 shuffle strain). Trans-
formants were subsequently screened for viability at 23°
and 36° by replica-plating onto 5-FOA-containing media. In
the second screen, a DNA fragment encompassing the DNA-
binding domain (DBD) of Cdc13 (amino acids 452-694) was
subjected to PCR under error-prone conditions in the pres-
ence of 10 mM MnCl, and one-by-one limiting concentrations
of each of the four dNTPs. Pooled PCR products were cotrans-
formed with pVL440 gapped by digestion with BamHI and
Nrul into the cdc13-A/p CDC13 URA3 shuffle strain. The
resulting 30,000 yeast transformants bearing the gap-
repaired plasmids were screened for viability at 23°, 30°,

Table 2 Plasmids used in this study

Vector
Plasmid Description backbone
pVL438 CEN URA3 CDC13
pVL440 CEN LEU2 CDC13
pVL1086 CEN LEU2 CDC13-(myc);g
pVL4222 CEN LEU2 cdc13-1-(myc)ig
pVL439 URA3 CDC13
pVL1492 CEN LEU2 STNT YCplac111
pVL4919 CEN LEUZ2 stn1-63 YCplac111
pVL4330 CEN LEU2 STN1-(G)o-(myc)7 pVL1492
pVL4992 CEN LEU2 stn1-63-(G)g-(myc); pVL4330
pVL4951 URA3 stn1-173A Yiplac211
pVL4952 URA3 stn1-173S Ylplac211
pVL4958 URA3 stn1-G137A Ylplac211
pVL4956 URA3 stn1-G137S Ylplac211

and 36° by replica-plating onto 5-FOA-containing media.
For both screens, candidate plasmids were rescued, retrans-
formed to confirm the ts phenotype and subsequently se-
quenced. Residues for reverse mutagenesis were selected
by submitting the Cdc13 DBD or the Stnl N-terminal OB-
fold (oligosaccharide/oligonucleotide binding) domain to the
Evolutionary Trace server (http://pdbjets.protein.osaka-u.ac.
jp/); residues ranked in the top 10% (for Cdc13) or the top
20 residues (for Stnl) were chosen for mutagenesis.

Results

Telomere-shortening activities are enhanced
at 36° in wild-type S. cerevisiae

A number of prior studies have indicated that telomere
function is impaired by growth at 36°-37°, including even
telomere length in wild-type yeast (Grandin and Charbonneau
2001). We re-investigated the effect of temperature on telo-
mere length by propagating two wild-type haploid strains
(which were MATa or MATa but otherwise isogenic) in

Table 3 New temperature-sensitive mutations in CDC13

Parental plasmids

Mutation pVL440 pVL1086 pVvL439
cdc13-F684S pVL3945 pVL5156 pVL5439
cdc13-S531F pVL3948 pVL5157 pVL5440
cdc13-F683L pVL3943 pVL5155 pVL5453
cdc13-N609A pVL3956 pVL5158 pVL5441
cdc13-S611L pVL3939 pVL5154 pVL5438
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Figure 1 Telomere length in wild-type S. cerevisiae is temperature-
sensitive. (A) Each haploid strain was propagated for ~100 generations
by successive serial dilution of duplicate cultures at the indicated temper-
atures and genomic DNA prepped for telomere length analysis; two
exposures were used to assemble the image to ensure equivalent signal
intensity for each lane (as evaluated by comparison of nontelomeric
bands, indicated by arrowheads). (B) The same experiment as in A, with
samples from 90- and 100-generation cultures grown at 36° displayed
immediately adjacent to a sample grown at 23°.

liquid culture at 23°, 30°, 34°, and 36° for ~100 genera-
tions. Comparison of telomere length showed that the sam-
ples grown at 30° and 34° underwent a very slight decline in
telomere length, relative to the length displayed by the same
cultures that had been propagated at 23° (Figure 1A). This
change in telomere length homeostasis was reached within
10 generations of growth, with no further length decline
upon extended propagation at the higher temperature. At
36°, telomeres underwent a further decline in length, so that
the difference in length between cultures grown at 23° vs.
36° was clearly evident (Figure 1B).

There are two possible explanations for this temperature-
dependent effect on telomere length: (i) elongation of
telomeres by telomerase is impaired at higher temperatures
or (ii) one or more processes that actively shorten telomeres
is enhanced at higher temperatures. To distinguish between
these two possibilities, the senescence phenotype of a telo-
merase null strain propagated at 23°, 30°, 32°, 34°, and 36°
was examined by successive streak-outs at each tempera-
ture, following dissection of a TLC1/tlcI-A diploid strain.
Senescence was assessed by monitoring the growth char-
acteristics of a large number of isolates to overcome the
variability of the senescence phenotype displayed by telo-
merase-defective strains (Rizki and Lundblad 2001; Gao
et al. 2010). Figure 2A compares the growth characteristics
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of 42 tic1-A isolates grown at 23° vs. 36° for three successive
streak-outs, which demonstrates that the senescence pro-
gression was clearly exacerbated by growth at 36° even
by the second set of streak-outs (which corresponds to
~50 generations of growth). The histogram in Figure
2B, which summarizes the relative change in the senes-
cence score at 30°, 34°, and 36° relative to 23°, shows
that senescence is also accelerated at 30° and 34°, al-
though not to the same degree as at 36°. Thus, at higher
temperatures, telomeres are shorter in the presence of
telomerase, and senescence is enhanced in the absence
of telomerase, which is consistent with the premise that
some process by which telomeres are shortened is more
active at 34° to 36° (the Tmp~ phenotype). We therefore
propose that the growth characteristics of the tlcI-A
strain at elevated temperatures is due to the combined
result of the Est™ (ever shorter telomeres) and Tmp~
phenotypes.

Microcolony growth of cdc13-A rad24-A and stn1-A
rad24-A strains is reduced at 34°-36°

Although cdc13-A, stn1-A, and ten1-A null strains are inviable,
several prior observations have suggested that the lethality of
strains bearing null mutations in this complex might be par-
tially bypassed by loss of RAD24 function (Weinert et al.
1994; Lydall and Weinert 1995; Small et al. 2008). We ex-
amined this by monitoring growth of cdc13-A and cdc13-A
rad24-A isolates following dissection of a cdc13-A/CDC13
rad24-A/RAD24 diploid strain. Whereas 22 cdc13-A strains
were capable of only one to two cell divisions, all 22 cdc13-
A rad24-A newly generated haploid strains underwent suffi-
cient cell divisions to form a microcolony (a representative
example is shown in Figure 3A). This behavior extended to
the other subunits of the proposed t-RPA complex: 30 of 30
stn1-A strains and 22 of 22 ten1-A strains arrested after one to
two cell divisions, whereas 29 of 30 stnl-A rad24-A strains
and 21 of 22 tenl-A rad24-A strains produced microcolonies.
These cdc13-A rad24-A, stnl-A rad24-A, and tenl-A rad24-A
microcolonies were not capable of further propagation, al-
though rare “escaper” clones could be recovered at very low
frequencies (data not shown). Figure 3A further demon-
strates that the ability to partially bypass cdc13-A lethality
was a property that extended to other members of the
RAD24 epistasis group (Lydall and Weinert 1995; Paulovich
et al. 1997), as cdc13-A rad17-A and cdc13-A mec3-A strains
exhibited a comparable ability to form microcolonies.

The ability to observe a limited degree of growth in t-RPA
null strains in the absence of RAD24 function provided an
assay for examining whether this phenotype was also sensi-
tive to temperature. To test this, the cdc13-A/CDC13 rad24-A/
RAD24 diploid strain was dissected at 23°, 26°, 28°, 30°, 32°,
34°, and 36°, and cdc13-A rad24-A spore products were
identified. Microcolony size demonstrated a reduction in size
(more than twofold) for microcolonies grown at 34° and 36°
vs. at lower temperatures (Figure 3, B and C). Similar results
were observed when comparing multiple stnl-A rad24-A
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Figure 2 (A) Histogram displaying the growth characteristics of 42 tic7-A
isolates grown at 23° vs. 36° for three successive streak-outs, corresponding
to ~25, ~50, and ~75 generations of growth; isolates were scored for six
phenotypic categories, ranging from a scale of 1 (severe senescence) to 6
(comparable to wild-type growth), and a Student’s t-test was used to assess
the statistical significance between the two temperatures, as described pre-
viously (Gao et al. 2010). (B) Averaged phenotypic scores for the 42 tlc1-A
isolates propagated at 30°, 34°, or 36° were normalized to growth at 23°,
with a negative value indicating enhanced senescence at a given time point,
relative to the behavior of the same set of isolates at 23°.

isolates following dissection of a stnl1-A/STNI1 rad24-A/
RAD24 diploid strain at 23°-36° (Figure 3D). Thus, similar
to the situation with telomerase-defective yeast strains, the
consequence of loss of the t-RPA complex is sensitive to
elevated temperatures.

Analysis of current temperature-sensitive alleles
of CDC13 and STN1

Since even strains with null mutations in CDC13 and STNI
are susceptible to growth temperature, this prompted us to
re-examine the characteristics of previously isolated ts muta-
tions in these genes. In particular, we asked whether strains
with previously described ts alleles displayed the properties
expected for a bona fide temperature-sensitive mutation: fully
functional at permissive temperature(s) vs. null (or greatly
reduced for function) at nonpermissive temperature(s).

The widely used cdc13-1 strain exhibits reduced viability at
23° and lethality at 25°-26°. Growth is further impaired by
the presence of mutations in other telomere-related genes; for
example, cdc13-1 tlc1-A and cdc13-1 yku80-A strains are ex-
tremely sick at 23° (Nugent et al. 1996; Polotnianka et al.
1998). The severity of this synthetic phenotype suggested
that Cdc13 function was impaired even at permissive temper-
atures. In fact, examination of steady-state protein levels of
the mutant Cdc13-1-(myc),g protein compared to the wild-
type Cdcl3-(myc),g protein (expressed on a CEN plasmid in
a wild-type protease-deficient strain) did not reveal behavior
consistent with a thermolabile protein. Instead, the Cdc13-1-
(myc),g mutant protein displayed a fourfold reduction in pro-
tein levels at 23° relative to the wild-type protein, and
Cdc13-1-(myc)qg levels were not reduced further when the
strain was incubated at 36° (Figure 4A). These observations
argue that the cdc13-1 mutation results in a hypomorphic
protein that is associated with a substantial reduction in pro-
tein levels (and presumably function) even at permissive
temperatures, thereby explaining the synthetic growth
characteristics. The Cdc13-1 protein may be thermosensi-
tive as well, but the lack of change in protein levels at 36°
vs. 23° suggests that at least some Cdcl3 function is
retained at higher temperatures. Consistent with this,
in vivo association of the mutant Cdc13-1 protein with telo-
meres is unchanged at 37° relative to 23° (Vodenicharov
and Wellinger 2006), arguing that the Cdc13-1 protein still
retains DNA-binding activity and potentially other functions
at 36°. We propose that the phenotypes exhibited by
a cdc13-1 strain are due to a severe hypomorphic mutation
in CDC13 combined with the Tmp~ phenotype, rather than
due to conditional depletion of the Cdc13 protein.

For STN1, two mutations, stn1-13 and stn1-63, have been
used in several previous studies (Grandin et al. 1997; Puglisi
et al. 2008). The stn1-13 allele (containing six missense
mutations throughout the protein) is only minimally im-
paired for growth even at 37° (Grandin et al. 1997, 2001;
data not shown), and thus it was not included in our sub-
sequent analysis. The stn1-63 strain (Puglisi et al. 2008),
which contains a single missense mutation in the essential
N-terminal domain (D99E), showed a more substantial im-
pairment for growth at 36° although the strain was not
completely inviable at this temperature (Figure 4B). Some-
what surprisingly, FACS analysis revealed that the stn1-63
strain did not exhibit a pronounced defect in cell-cycle
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Figure 3 Microcolony growth of cdc73-A
rad24-A and stn1-A rad24-A strains is temper-
ature-sensitive. (A) Isogenic diploid strains bear-
ing null mutations of the indicated genotype
were dissected, and germinated spores were
photographed after growth was complete (48
hr at 30°, 32°, 34°, and 36° or 72 hr at 23°,
26°, and 28°) with a Zeiss Axioskop 50 with
a Nikon Digital Sight DS-5M camera; multiple
isolates were examined for each genotype, and
representative examples are shown. The grid on
the cdc13-A image corresponds to 62.5 x 62.5

wm; all images were at the same magnification.
(B) Photographs of cdc?3-A rad24-A microcol-
onies from germinated spores generated by dis-
section of the cdc13-A/CDC13 rad24-A/RAD24
strain, following incubation for 3 days at the
indicated temperature. (C) Each cdc13-A
rad24-A microcolony image shown in B was
selected, and the sum of the pixels in the se-

lected area was quantitated using Photoshop.
The maximum and minimum values were elim-

inated from each temperature group; mean

and standard variation are shown. (D) Quanti-
tation of stn7-A rad24-A microcolonies from
a stn1-A/STNT rad24-A/RAD24  strain, pro-

cessed as described in B and C. The stn7-A
rad24-A microcolonies were approximately
two- to threefold smaller than cdc?3-A rad24-A

microcolonies, although the experiments shown
in C and D were performed separately, which
precluded a more quantitative comparison.
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progression at 36° (Figure 4B), as would be expected if
a subunit of the t-RPA complex had been depleted by a con-
ditional lethal mutation. A more careful examination of the
growth of the stn1-63 strain revealed that a reduction in
viability was observed only at 34° and 36° (Figure 4C).
Steady-state protein levels of the Stnl-63-(myc),; mutant
protein were also unaffected when the culture was shifted
to higher temperature (Figure 4D), in contrast to the expect-
ations for a thermolabile protein that should be depleted (or
at least diminished) at the nonpermissive temperature. Fur-
thermore, as previously observed (Puglisi et al. 2008), the
stn1-63 strain exhibited greatly elongated telomeres even at
23° (Figure 4E), indicating that the Stnl protein is substan-
tially impaired even at permissive temperature. These data
indicate that the stn1-63 mutation, like cdc13-1, encodes a hy-
pomorphic protein that exhibits a temperature-independent
defect, rather than a thermolabile mutant protein. We hy-
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pothesize that the reduced growth at 34°-36° in the stniI-
63 strain background is also an additive effect, due to a partial
loss-of-function defect in STNI in combination with the
Tmp~ phenotype. This hypothesis is tested further in a later
section that examines an expanded panel of missense muta-
tions in STN1.

Since protein levels and/or function appeared to be
severely impaired at the presumed permissive temperature
for the existing cdc13 and stn1 alleles, we conclude that these
alleles are not bona fide conditional lethal reagents. This
prompted us to screen for new ts alleles of CDCI3 and
STN1, as described in the following sections, with the goal
of identifying alleles in each gene that are fully functional
under permissive conditions (such as 23°) and completely
null for function under nonpermissive conditions (such as
=32°) that would be minimally influenced by the Tmp~

phenotype.
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Identification of new temperature-sensitive alleles
of CDC13 using both forward and reverse mutagenesis

Two forward mutagenesis screens were performed, muta-
genizing either the full-length CDCI3 gene by passage
through an E. coli mutator strain or the essential DBD of
CDC13 (Mitton-Fry et al. 2002) by low-fidelity PCR. Both
collections of mutagenized plasmids were transformed into
a cdc13-A shuffle strain kept alive by the presence of a cov-
ering CEN URA3 CDC13 plasmid, and yeast transformants
were screened for ts growth by replica-plating onto media
that selected for loss of the covering plasmid (see Materials
and Methods for details). Rescued plasmids were subse-
quently retested following retransformation into the cdc13-A
shuffle strain and sequenced to identify mutation(s).
Screening the mutagenized full-length CDCI13 gene
resulted in 26 candidate cdc13-ts alleles, corresponding to
7 unique mutations (Supporting Information, Figure S1).
Five alleles contained a single missense mutation: 1 muta-
tion in the N terminus of the protein (cdc13-S56F), 3 muta-
tions in the DBD (cdc13-V530G, cdcl13-S531F, and cdcl3-
D546G) and 1 C-terminal allele (cdc13-T847M). The remain-
ing 21 alleles had a frameshift mutation at either residue 686
(2 isolates) or residue 707 (19 isolates), resulting in trunca-
tion of the protein just past the boundary of the DBD (with

Figure 4 The cdc73-7 and stn7-63 mutations behave like
hypomorphic alleles. (A) Steady-state protein levels of the
wild-type Cdc13-(myc)ig and mutant Cdc13-1-(myc);g
proteins, expressed from a CEN vector; extracts were pre-
pared from strains grown at 23° or at 36° for 3.5 hr and
analyzed by anti-myc Western analysis on 8% SDS-PAGE.
The strain also expresses an Est1-(myc);3 protein (as an
integrated tagged construct), which provided an internal
control for protein levels. (B) Comparison of stn7-A/pCEN
STNT vs. stn1-ApCEN stn1-63, as assessed by single-col-
ony propagation on rich media (Left panels) or cell-cycle
progression of liquid cultures (Right panels) grown at 23°
and 36°; arrows indicate that cell division still occurs at
36°. (C) Viability of RAD24 and rad24-A versions of the
stn1-A/pCEN stn1-63 strain at the indicated temperatures;
serial dilutions were plated on prewarmed rich media
plates and photographed after 2.5 days (for =28° incuba-
tions) or after 4 days (for 23° and 25° incubations). (D)
Steady-state protein levels of the Stn1-63-(myc); protein,
expressed from a CEN vector, assessed as described in A.
(E) Telomere length of the stn71-A/pCEN stn1-63 strain
compared to the isogenic stn7-A/pCEN STN1 strain at 23°.

either 10 or 65 amino acids added to the end of the protein
as a result of the frameshift mutation). Recovery of these two
frameshift mutations, as well as of cdc13-T847M, was some-
what unexpected because a previously well-characterized
allele of CDC13 (cdc13-5), which contained a stop codon
introduced at amino acid 694, does not exhibit thermolabile
growth (Chandra et al. 2001 and Figure S2).

The second screen, which targeted the DBD of CDC13,
yielded 18 alleles with ts phenotypes. Sequence analysis
revealed that all but two of these alleles had multiple mis-
sense mutations, a common problem with error-prone PCR
protocols. However, several clusters of amino acids (aa 525-
544, 611-618, and 683-684) appeared to be overrepre-
sented (Figure S2), suggesting that this information might
be useful in identifying the causative mutation for at least
a subset of these 18 isolates. Therefore, a panel of single mis-
sense mutations in residues in these clusters was constructed
and tested for ts growth. This analysis identified 6 alleles—
cdc13-1529Q, cdc13-V543F, cdc13-S611L, cdc13-G614V, cdcl3-
F683L, and cdc13-F684S—which conferred a ts phenotype
with impaired growth at temperatures ranging from 30° to
36° (Figure S1).

In parallel with these two forward mutagenesis screens,
we also employed reverse mutagenesis, using a computational
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method called Evolutionary Trace (ET) to identify residues in
the DBD domain as targets for reverse mutagenesis. ET
combines structural information with amino acid diversity to
determine the evolutionary pressure at a given residue, which
can identify functionally significant residues (Lichtarge et al.
1996; Lichtarge and Sowa 2002). A total of 14 amino acids in
Cdc13 with an ET score of =10% were selected for mutagen-
esis (excluded from this set were residues that contact DNA,
which are under analysis in a separate study in this labora-
tory). Each residue was mutated to alanine, and the resulting
collection of plasmids were introduced into a cdc13-A shuffle
strain and assayed as described above. Four of these 14
strains displayed growth defects: one allele, cdc13-D546A,
conferred lethality (data not shown), whereas strains express-
ing alanine mutations in three residues (F547, N609, and
F684) exhibited ts growth (Figure S1).

Collectively, these three screens yielded missense muta-
tions in 13 amino acids of Cdc13 that conferred conditional
lethal growth. To determine which of these cdcl3-ts alleles
were fully functional at permissive temperatures but null
with regard to both phenotype and protein levels at higher
temperatures, we initially examined cell-cycle progression at
23° and 36°. Two mutants (cdcI3-V543F and cdc13-T847M)
did not exhibit a complete cell-cycle arrest at 36°, and one
mutant (cdc13-S56F) had a slight cell-cycle delay even at
23° (data not shown); these three mutants were discarded
from further analysis. As a next step, seven mutants that
were fully viable at temperatures >28° were examined for
Cdc13 protein levels (mutant strains with defects in viability
at =28° were not analyzed, on the assumption that this
would correlate with reduced function and/or protein levels
even at permissive temperatures). Each of these seven muta-
tions were introduced into a plasmid construct expressing
Cdc13-(myc)+g, and extracts prepared from strains express-
ing these mutant Cdc13-(myc),g proteins grown at 23° and
36° were examined for protein levels by Western analysis. In
contrast to the Cdcl13-1 protein (Figure 4A), all seven mu-
tant proteins behaved like thermolabile proteins, with pro-
tein levels substantially reduced at 36°, relative to protein
levels at 23° (Figure 5A). However, two mutant proteins
displayed greater than threefold reduction in protein levels
even at 23° (cdc13-F547A and cdc13-L529A) and were ex-
cluded from the next stage of analysis.

Each of the remaining five mutations were integrated
into the genome in place of the wild-type CDC13 gene for
subsequent analysis to exclude possible artifacts due to var-
iations in plasmid copy number and/or altered gene expres-
sion by plasmid-borne alleles. The resulting cdc13-ts strains
were screened for effects on viability and cell-cycle progres-
sion at a range of temperatures between 23° and 34°. Cell
viability assays demonstrated that these new cdc13-ts alleles
were fully viable at 28° and inviable at temperatures ranging
from 30° to 33° (Figure 5B). It is also worth noting that each
of the resulting integrated strains exhibited a ts phenotype
that was slightly more severe than the comparable mutation
when examined on a CEN plasmid in a cdc13-A null strain
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Figure 5 Characterization of new cdc73-ts mutations. (A) Steady-state
protein levels of mutant Cdc13-(myc);g proteins compared to wild-type
Cdc13-(myc)qg, assessed as in Figure 4A. (B) Viability of the indicated
strains, with cdc73-ts mutations integrated into the genome, assessed
as in Figure 4C.

(compare Figure S1 with Figure 5B). This parallels previous
comparisons from our laboratory of the viability of the
cdc13-1 allele as an integrated vs. plasmid-borne allele (data
not shown), as well as comparisons of integrated vs. plas-
mid-borne stn1~ and tenl~ alleles (Paschini et al. 2010).

A return-to-viability experiment demonstrates that
phenotypes of cdc13-ts strains at 34°-36° are not solely
due to loss of CDC13 function

These cdc13-ts mutant strains provide a set of reagents for
analysis of CDC13 under conditions where Cdc13 is func-
tional at 23° and fully impaired at temperatures <34°-36°.
As a first step in assessing this, we repeated a return-to-
viability experiment that has previously been used to an-
alyze Cdc13-related defects in the presence or absence of
RAD9 function in a cdc13-1 strain (Weinert and Hartwell
1993; Lydall and Weinert 1995; Addinall et al. 2011). In
this protocol, cdc13-1 cells grown at 23° are shifted to
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nonpermissive temperature for varying time periods and
subsequently assessed for viability at permissive tempera-
ture (23°). Prior versions of this experiment have used 36°
or 38° as the nonpermissive temperature, whereas in the
experiment presented here, the cdc13-S611L strain was in-
cubated at 32°, 34°, or 36°. As expected on the basis of the
observations in Figure 5B, cdc13-S611L cells failed to un-
dergo cell division when incubated for 8 hr at 32°, which
was accompanied by a cell-cycle arrest. The response at 32°
was indistinguishable from that at 34° (Figure 6, A and B),
confirming that 32° was fully nonpermissive for this cdc13-ts
strain.

Consistent with previous analysis of the cdc13-1 strain
(Weinert and Hartwell 1993), arrest of the cdc13-S611L
strain resulted in no more than a 1.5-fold loss of viability,

even after 8 hr at 32°, 34°, or 36° (Figure 6A and data not
shown). As was also expected from prior observations, loss of
RAD9 function prevented cell-cycle arrest when the cdcl3-
S611L rad9-A strain was incubated at 32° (Figure 6B). Incuba-
tion of cdc13-S611L rad9-A cells at the nonpermissive temper-
ature (32°) was accompanied by a modest reduction in viability
(5-fold by 8 hr). However, when cells were incubated at 34°,
there was a striking effect in the absence of RAD9 function, as
viability was reduced 65-fold at the 8-hr time point (Figure 6A).
Increasing the incubation temperature to 36° reduced viability
even further (data not shown). Thus, the RAD9-dependent
effect at 34°-36°, which was well above the nonpermissive
temperature for the cdc13-S611L strain, indicated that an
additional defect that is independent of CDCI3 function,
but RAD9-dependent, contributed to inviability at 34°-36°.
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Reverse mutagenesis of the essential N-terminal
domain of STN1

In an attempt to recover conditional lethal alleles of STN1,
we employed two reverse mutagenesis strategies that tar-
geted the essential N-terminal domain of the protein. Be-
cause the ET protocol was so effective with CDC13 (3 of
14 mutations yielded a thermolabile protein, including 2
of the mutations shown in Figure 5), ET was similarly ap-
plied to the predicted OB-fold domain of Stnl. The top 20
residues were mutated to alanine, and a subset were also
mutated to serine. These 30 stnl missense mutations were
transformed into a stnl-A/p CEN URA3 STNI1 strain, and
yeast transformants were screened for ts growth following
loss of the covering plasmid (Figure S3 and data not
shown). Roughly half of these mutant strains had no notable
growth defect and were eliminated from further analysis.
The remaining strains exhibited a range of growth pheno-
types, which fell into roughly three categories. One subset
(stn1-N67A, stnl-E167A, stnl1-W171S, stn1-L181S stnl-
L70A, stn1-I73S, and stn1-G77A) grew approximately as
well as wild type at lower temperatures but exhibited
growth defects at 34°-36° (Figure S3); however, examina-
tion of telomere length revealed that substantial telomere
elongation had occurred even when these strains were
grown at permissive temperature (Figure S4 and data not
shown). Strains in the second category (stnl-L41S, stnl-
F64A, stn1-F64S, and stn1-L70S) were somewhat impaired
for growth at temperatures ranging from 23° to 34°, with
the growth phenotype more severe at 36°; all four of these
strains exhibited even more extensive telomere elongation
at 23° (Figure S3 and Figure S4). The last category (stnl-
G778, stn1-D98A, and stn1-D99A) exhibited the most severe
growth defect, as all three strains were barely viable at tem-
peratures up to 32°-34° and inviable at 36° (Figure S3). In
every case, the growth defect associated with a given muta-
tion became more pronounced at 36°, a pattern that was
very similar to that described above in Figure 4 for stni-
63. Furthermore, cell-cycle progression as assessed by FACS
demonstrated that the reduced growth at high temperatures
did not exacerbate the relatively modest cell-cycle defect
displayed by most of these mutants (Figure S3 and data
not shown). Thus, this first attempt at recovering one or
more ts alleles of STN1 appeared to be unsuccessful.
However, inspection of the position of this collection of
mutations on the predicted structure of the Stnl protein
suggested a possible structural correlation: mutations with
the most severe growth defects were located in residues that
comprised, or were in close proximity to, the B-barrel of the
OB-fold (G77, L70, D98, D99). This suggested that muta-
genesis that targeted this particular region of the Stnl pro-
tein might be more successful. Specifically, we directed our
attention to a panel of 11 hydrophobic residues (173, L75,
179, 193, 197, L106, L140, V142, L153, V155, and L158)
with side chains located in the interior of the B-barrel of
Stnl, on the assumption that (partial) destabilization of
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the OB-fold might have a higher probability of generating
thermosensitive proteins. Each of these 11 residues were
mutated to alanine, serine, and tyrosine (based on the
results described above for Cdcl3, which indicated that
restricting mutagenesis to alanine missense mutations might
be insufficient). The resulting panel of 33 plasmids bearing
stnl missense mutations in the B-barrel were introduced
into a stnl-A shuffle strain and examined at a range of tem-
peratures from 23° to 36°. Not unexpectedly, a large number
(27%) of the resulting strains were inviable or nearly invia-
ble. Many of the viable strains exhibited a range of growth
defects and, once again, the severity of the defect was en-
hanced in each case when the strains were propagated at
34°-36° (summarized in Figure S5). Furthermore, the ma-
jority of the viable strains exhibited elongated telomeres
even when the strains were propagated at permissive tem-
peratures (Figure S4). Only two residues, L106 and L140,
appeared to be immune to mutagenesis, as the strains
expressing mutations in either amino acid exhibited wild-
type growth at all temperatures with no telomere length
defect, despite the fact that these two bulky hydrophobic
residues were predicted to be on the interior of the barrel
of the OB-fold (data not shown).

Analysis of integrated stn1— alleles

Very few, if any, of the panel of stn1~ mutations described
above behaved as expected for a thermolabile protein. How-
ever, in a previous study, we observed differences in viability
when comparing stnl~ alleles present on a plasmid in
a stnl-A strain vs. integrated into the genome (Paschini et al.
2010). Since this current set of stnI~ mutations was also
expressed on a CEN plasmid in a stnl-A strain, we consid-
ered the possibility that fluctuations in plasmid copy number
might mask a ts phenotype. To test this, diploid strains that
were heterozygous for STN1 were constructed by integrat-
ing candidate stnl-ts alleles into the genome (see Materials
and Methods for details), and haploid stn1 strains were gen-
erated by dissection. Five alleles (stn1-I73A, stnl1-I73S, stnl-
I79S, stn1-G137A, and stn1-G137S) were chosen for this
analysis on the basis of the magnitude of the difference com-
paring growth at 23° vs. 36° when assessing the plasmid-
based phenotype in a stnl-A strain (Figure S3 and Figure
S5).

Dissection of the stn1-I73S/STN1 diploid revealed that
the haploid stn1-I73S strain was inviable, as germinated
stn1-I73S spores were capable of undergoing only one to
two divisions even at 23° (Figure 7A). This indicates that
stn1-I73S is a null mutation, since stnl-I73S and stnl-A
strains resulted in the same phenotype following dissection.
Furthermore, germinated stn1-I73S rad24-A spores were ca-
pable of forming microcolonies (Figure 7A), similar to our
observations for stn1-A rad24-A. Therefore, the apparent ts
plasmid-based phenotype (viable at 23°-32° and inviable at
=34°) was not due to a thermolabile protein; consistent
with this, Western analysis did not reveal any change in
steady-state levels of the Stn1-173S protein when examined
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by Western analysis from extracts grown at 23° vs. 36° (data
not shown). We postulate that viability of the stnl-A strain
expressing the plasmid-borne stn1-I73S mutation was due to
increased plasmid copy number in response to selective
pressure for viability.

In contrast, dissection of the other heterozygous strains
gave rise to viable stn1~ haploid strains. Among this set of
four strains, only the stn1-I73A strain exhibited a possible
thermosensitive phenotype, as the mutant strain exhibited
a notable growth defect at 30° compared to 23°, although
growth was once again more severely affected at 34°-36°
(Figure 7B). This slow gradient of impairment suggested
that the stn1-I73A mutation might encode a partially defec-
tive protein even at permissive temperatures. Consistent
with this, telomere length was substantially affected in the
stn1-I73A strain even at 23°, although telomeres were fur-
ther elongated when the strain was propagated at higher
temperatures (Figure 7C). Thus, we conclude that stnl-
I73A encodes a protein that is most likely both hypomor-
phoric and thermolabile, with a partial loss of function at
permissive temperature that is further exacerbated by growth
at higher temperatures.

Re-examination of a cdc13-1 suppressor reveals
a complex genetic interaction between null mutations,
cold sensitivity, and the Tmp— phenotype

Several genome-wide screens for genes that enhance or
suppress the ts growth of a cdc13-1 strain have yielded sev-
eral hundred genes, implicating a wide number of molecular
pathways in telomere capping (Downey et al. 2006; Addinall
et al. 2008). The analysis above indicates that temperature
alone can impact telomere-related phenotypes, which adds
an additional layer of complexity when interpreting the
results from cdc13-1-based screens. To investigate this more
closely, we re-examined one candidate (CGI121) recovered
from a cdc13-1 suppressor screen. Since loss of Cgi121 func-
tion is capable of rescuing the temperature-dependent
growth defects displayed by the hypomorphic cdc13-1 strain
and a yku80-A null strain (Downey et al. 2006), we asked
whether a cgi121-A mutation would have a similar impact
on the senescence phenotype of a tlcI1-A strain or on the
microcolony growth of a cdc13-A rad24-A strain.

Dissection of cgi121-A/CGI121 diploids revealed an un-
expected surprise, however: the cgi121-A strain was itself
cold-sensitive for growth. A comparison of colony sizes for
CGI121 vs. cgi121-A strains following sporulation at 23°, 30°,
and 36° demonstrated that the cgi121-A strain exhibited
a substantial growth defect at 23°, which was largely allevi-
ated by growth at 36° (Figure 8A). A re-examination of pre-
viously published data by Durocher and colleagues indicates
that a cold-sensitive growth defect had been previously ob-
served for cgi121-A as well as for a strain with a null muta-
tion in BUD32 (another member of the same complex)
(Downey et al. 2006), supporting the results reported here.
Thus, the growth phenotype of a cgi121-A strain is the con-
sequence of two activities: loss of Cgi121 function combined

with an activity that is naturally impaired for function at 23°
but not at 36°.

To assess for effects on senescence, tlcI-A and tlcI-A
cgi121-A strains were propagated for ~75 generations fol-
lowing dissection at either 32° or 36° (at lower temperatures,
the significant growth defect due to cgi121-A overwhelmed
the senescence phenotype). As shown in Figure 8B, loss of
Cgil21 function significantly attenuated senescence at both
temperatures. Thus, a null mutation in CGI121 acts as a par-
tial bypass suppressor of a null mutation in telomerase, at
least at high temperatures. In contrast, the genetic interac-
tion between null mutations in CGI121 and CDC13 was
more complex. At 23°, the cgi121-A mutation was capable
of bypassing the near-lethality of a cdc13-A rad24-A strain:
CDC13 was no longer an essential gene in a cgil21-A
rad24-A background, such that CDCI3 cgi121-A rad24-A
and cdc13-A cgil21-A rad24-A strains gave rise to equally
sized (although small) colonies (Figure 8C). However, at
higher temperatures, the difference between these two sets
of strains became more obvious (Figure S6). This reveals
a complex genetic interaction between the cold-sensitive
growth properties of the suppressor strain (cgi1121-A) and
the temperature-enhanced phenotypes of the cdcl3-A
rad24-A strain, as four genetic factors contributed to the
growth characteristics of the cdcI3-A cgil21-A rad24-A
strain at different temperatures (loss of Cdc13 function, loss
of Cgil21 function, the Tmp~ phenotype, and the cold-
sensitive activity). Thus, whether the enhanced growth
properties of the cdc13-A cgil21-A rad24-A strain are due
to a genetic relationship between CDC13 and CGI121 can-
not be determined.

Discussion

The results presented here, as well as in several prior
studies, establish that there is an additional phenotypic
consequence at telomeres when cells are grown at higher
temperatures, particularly >34°. This phenotype can be ob-
served even in wild-type yeast and also contributes to the
severity of phenotypes displayed by yeast strains bearing null
mutations in the Ku heterodimer (Feldmann and Winnacker
1993; Boulton and Jackson 1996; Feldmann et al. 1996),
telomerase (Figure 2), and the t-RPA complex (Figure 3).
We propose that the enhanced phenotype at higher temper-
atures is a synthetic genetic effect, as illustrated schemati-
cally in Figure 9, due to a mutation in a telomere-related
complex combined with an additional defect that becomes
particularly apparent at 34°-36°.

This temperature-dependent defect also complicates the
analysis of missense mutations in subunits of each of these
complexes, particularly for the essential genes CDCI3,
STN1, and TEN1, which suggests that a number of mutations
in these three genes have been incorrectly categorized as
temperature-sensitive alleles and are instead hypomorphic
alleles. In particular, several observations argue against the
long-standing assumption that cdc13-1 encodes a conditional
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Figure 7 Characterization of stn1-/73S and stn1-173A strains. (A) Photo-
micrographs of germinated stn7-/73S and stn1-173S rad24-A spores. (B)
Single-colony streak-outs of isogenic stn1-I73A and STNT haploid strains
(generated by dissection of a stn7-/73A/STN1 diploid) incubated at 23°,
30°, and 36°. (C) Telomere-length analysis of stn7-/73A and STNT isolates
from B after ~40 generations of growth at 23° or 30°.

mutation. Even at 23°, cdc13-1 cells have reduced protein
levels (Figure 4A) and thus presumably reduced CDC13 ac-
tivity, which is consistent with the synthetic lethality even at
23° that occurs when cdc13-1 is combined with other telo-
mere-specific mutations (Nugent et al. 1996; Polotnianka
et al. 1998). Furthermore, Cdc13-1 protein levels (Figure
4A), as well as the ability of the mutant protein to associate
with telomeres (Vodenicharov and Wellinger 2006), are un-
changed following a shift to 36°. Given that the defect
encoded by cdc13-1 is so substantial that it is barely com-
patible with viability at 23°, we suggest that the combina-
tion of the cdc13-1 mutation with the defect that gives rise to
the Tmp~ phenotype is responsible for inviability at 25°-
26°. Although the Tmp~ phenotype is most obvious at
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Figure 8 Loss of CG/127 function bypasses null mutations in CDC73 and
telomerase. (A) Comparison of colony sizes of CG/727 and cgi121-A iso-
genic strains propagated at the indicated temperatures. (B) Comparison
of the senescence phenotypes of 26 tic1-A CGI121 isolates with 22 tic1-A
cgi121-A isolates at 32° and 36°, analyzed as in Figure 2B. (C) Three
colonies each of cdc?13-A cgi121-A rad24-A and CDC13 cgil121-A
rad24-A generated following dissection of the appropriate heterozygous
diploid strain at 23°; see Figure S6 for the relative growth of these two
strains at 30° and 36°.

CDC13

cdc13-A

-].]

34°-36° (where it affects the viability of telomerase- and
Ku-defective strains), telomere length in wild-type cells is
slightly reduced even at 30° relative to 23°. Furthermore,
in yku80-A cells, the robust DNA damage response that
occurs at 37° (as measured by autophosphorylation of
Rad53) can also be detected at 30° although to a lesser de-
gree (Teo and Jackson 2001). These observations are con-
sistent with the idea that the Tmp~ phenotype can confer
a synthetic defect even at lower temperatures (as illustrated
in Figure 9) in the presence of a severe mutation such as
cdc13-1.

The Tmp~ phenotype is potentially the basis for incor-
rectly assigning ts properties to hypomorphic mutations in
STN1 and TENI1 as well. In the extensive panel of stnl~
missense mutations reported here, every stnl~ strain that
exhibited a telomere length defect at 23° (corresponding to
mutations in 24 amino acids) was accompanied by reduced
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Figure 9 A schematic depiction of the additive contribution of the Tmp~
phenotype to the viability of strains bearing mutations in telomere-related
proteins based on a decline in “telomere function” that occurs with in-
creasing temperature. Since the molecular basis for the Tmp~ phenotype
is unknown, telomere function is defined as “the collection of activities that
maintain chromosome ends as fully replicated and capped telomeres.”

viability at 34°-36°, a characteristic also displayed by the
previously reported stn1-13 and stn1-63 mutant strains. This
behavior is also similar to a recently reported panel of tenl~
mutations, which confer extremely elongated telomeres at
permissive temperature, with growth impaired at 36° but
not at lower temperatures (Xu et al. 2009). We suggest that
these tenl alleles are also hypomorphs, rather than muta-
tions that confer thermolabile Ten1 function. This sugges-
tion also extends to a stnl-td degron construct that retains
a significant degree of viability at 37° after switching on the
degron (Vodenicharov and Wellinger 2006). Collectively, we
propose that there are currently no bona fide stn1-ts or ten1-ts
reagents that are wild type at permissive temperature and
depleted for the essential function encoded by STNI or
TEN1 following a temperature shift.

Implications for analysis of telomere function at 36°

Although we were unsuccessful in our attempts to identify
conditional lethal mutations in STN1, we did recover five
new cdcl3-ts alleles with nonpermissive temperatures be-
tween 30° and 33°. Unlike cdc13-1, these five mutations
encode Cdc13 proteins that retain wild-type, or near wild-
type, protein levels at 23° but are reduced by >10-fold at
36°. All five mutations map to the DNA-binding domain
(Mitton-Fry et al. 2002), with three residues (S531, N609,
and S611) in close physical proximity (data not shown).
This suggests a region of the DBD that might be particularly
prone to thermosensitive perturbations (alternatively, the
recovery of mutations in these three residues may be simply
a reflection of some bias in how the mutagenesis screens
were conducted).

The identification of these new cdc13-ts strains allowed
us to re-investigate a prior observation about the viability of
Cdc13-depleted strains at nonpermissive temperatures. Pre-
vious experiments, which have monitored the viability of
cdc13-1 vs. cdc13-1 rad9-A strains following prolonged in-
cubation at 36° (Weinert and Hartwell 1993; Lydall and
Weinert 1995), have concluded that loss of Cdc13 function
creates structure(s) that, if left unrepaired, are lethal in the

absence of Rad9 function (presumably as a consequence of
unchecked cell-cycle progression). We re-examined this ob-
servation using a newly generated cdcl3-ts allele (cdcl3-
S611L) that was nonpermissive for growth at 30° (Figure
5), which allowed us to compare the loss of viability in the
absence of RAD9 at 32°, 34°, and 36°. Even though 32° was
fully nonpermissive for CDC13 function, loss of viability
was minimal. However, elevating the temperature to 34°
or 36° resulted in a substantial further reduction in viability.
Collectively, these observations suggest that, even in the
absence of RAD9, loss of CDC13 function does not lead to
inviability per se. Instead, we propose that lethality is the
consequence of an additional defect occurring at 34°-36°,
when combined with rad9-A and cdc13 depletion. If this
proposal is correct, this suggests that hypotheses about the
role of Cdc13 at telomeres as well as models derived from
cdc13-1-induced DNA damage based on observations made
at 34°-36° may need to be revisited, as the resulting phe-
notypes may be due to a more intricate set of genetic inter-
actions than simply depletion of Cdc13. This point is further
illustrated by the complex epistatic interaction that we ob-
served between cgi121-A and cdc13-A mutations at different
temperatures (Figure 8).

These results also have implications for genome-wide
suppression and enhancer screens that have monitored
viability of cdc13-1 and yku70-A strains at temperatures
ranging from 36° to 37.5° (Downey et al. 2006; Addinall
et al. 2008, 2011). At least some subset of genes recovered
from these screens is presumably due to a genetic interac-
tion with the Tmp~ phenotype, rather than with either
CDC13 or YKU70. Although this does not negate the impor-
tance of these studies, the potential for such genes to further
our understanding of telomere biology will require a fuller
understanding of what telomeric process(es) are impaired
by elevated temperature.

In addition, the impairment due to the reduction in
Cdc13-1 protein levels suggests that a subset of genes re-
covered from such screens are involved in protein stability
and/or turnover, rather than in telomere biology. This would
explain how STM1, which modulates translation by regulat-
ing formation of the 80S subunit of ribosomes (Balagopal
and Parker 2011), functions as a high copy suppressor of
cdc13-1 (Hayashi and Murakami 2002). Similarly, the recov-
ery of sanl-A as a robust suppressor of cdc13-1 (Downey
et al. 2006; Addinall et al. 2008) is consistent with a role
for Sanl in mediating degradation of misfolded nuclear pro-
teins (Fredrickson et al. 2011). More generally, cdc13-1
suppressors that are involved ribosome function, protein
degradation, RNA processing, protein transport, and/or
biosynthesis may have little direct relationship to telomere
function.

What is the molecular basis for the Tmp~— phenotype?

This phenotype appears to be the consequence of a telo-
mere-specific activity that is naturally temperature-labile
even in wild-type cells, as evidenced by telomere shortening

Temperature Impairment of Telomere Function 91


http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004000
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004000
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004000
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004000
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004000
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002625
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002625
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002625
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002625
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002625
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004500
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004897
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004897
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004140
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002550
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002550
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002379

at higher temperatures. This defect is presumably also
responsible for the inviability observed in yku70-A and
yku80-A strains, the enhanced senescence of telomerase-null
strains, and the reduced microcolony growth of RAD24-
deficient cdc13-A, stnl-A, and tenl-A null strains at 36°.
Consistent with the premise that a common defect is re-
sponsible, the appearance of inviability in Ku-depleted
cells exhibits phenotype lag (Barnes and Rio 1997). Sim-
ilarly, the additive effect of temperature on telomerase-
defective strains becomes more pronounced in later generations
(Figure 2).

The temperature-induced inviability that occurs in yku70-A
and yku80-A strains propagated at 36° has been character-
ized in detail by multiple laboratories, although with some-
what differing conclusions as to the molecular basis for the
causative lesion (Fellerhoff et al. 2000; Teo and Jackson
2001; Gravel and Wellinger 2002; Maringele and Lydall
2002; Smith et al. 2008). Several studies have lent support
to the idea that an altered terminal DNA structure, which is
generated when telomeres fall below a minimal length, is
responsible. The shortening rate at 36° in Ku-depleted cells is
inconsistent with a telomerase defect (Gravel and Wellinger
2002), which is also supported by our results indicating that
the temperature-dependent reduction in telomere length is
not due to an impaired ability of telomerase at 36°. These
observations therefore argue for an active shortening mecha-
nism that occurs at high temperature. In the absence of Ku
function, telomere-proximal regions replicate early (Cosgrove
et al. 2002; Lian et al. 2011). If high temperature further
exacerbates this altered replication timing profile (e.g., as
a consequence of the shorter cell-cycle time at 36°), we sug-
gest that this could lead to incomplete replication of the du-
plex telomeric DNA tract by the conventional DNA replication
machinery and hence to telomere shortening.

Regardless of the molecular defect that underlies the
Tmp~ phenotype, this telomere-specific response is just one
aspect of a pleiotrophic set of responses by cells to higher
temperatures. Cells have a well-orchestrated mechanism for
response to temperature fluctuations. Thus, other cellular
pathways may also experience an analogous version of the
Tmp~ phenotype. The results described here also raise a cau-
tionary note about using phenotypic analysis as the sole
basis for categorizing ts mutations. This suggests that efforts
to create genome-wide epistasis maps using a comprehensive
array of temperature-sensitive reagents may need to take
this into account (Ben-Aroya et al. 2008; Li et al. 2011).
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Figure S1 Identification of new cdc13-ts mutations, part I. Mutant alleles recovered from (A) forward mutagenesis of the full
length CDC13 gene, (B) forward mutagenesis directed at the DBD of CDC13 or (C) reverse mutagenesis of the DBD of CDC13
were transformed into a cdc13-A/ pCEN CDC13 URA3 shuffle strain and subsequently streaked on 5-FOA media at 23°, to
recover isolates which had lost the wild type CDC13 plasmid. The resulting strains were grown overnight in culture and viability

was assessed by plating serial dilutions on pre-warmed rich media plates and photographing after 2.5 days (for > 28°
incubations) or 4 days (for 23° and 25°).
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isolate 29 M498V, F544L,T586M, K629E
isolate 18 S531T, 1563V, E608V, K629E, L693P
isolate 14 N455D, T473A, D492G, I552T, F574S

Figure S2 Identification of new cdc13-ts mutations, Part Il. (A) Additional mutant alleles, as discussed in the text, were
analyzed as described in Figure S1. (B) Missense mutations identified in a panel of cdc13-ts alleles, following mutagenesis
of the DNA binding domain with error-prone PCR, remissense; clusters of residues discussed in the text are indicated.
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Figure S3 Viability assays of stn1™ missense mutations. (A) Plasmids carrying the indicated Stn1 alleles were transformed into a
stn1-A/ pCEN STN1 URA3 shuffle strain and subsequently streaked on 5-FOA media at 23°, to recover isolates which had lost the
wild type STN1 plasmid. The resulting strains were grown overnight in culture and viability was assessed by plating serial dilutions
of two isolates for each genotype on pre-warmed rich media plates and photographing after 2.5 days (for > 28° incubations) or 4

days (for 23° and 25°). (B) Flow cytometry profile of log-phase cultures of a stn1-A/p stn1-G77S strain grown at 23° and 36° for
3.5h.
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Figure S4 Telomere length of strains expressing stn1™ missense mutations in residues selected for reverse mutagenesis based
on either (A) Evolutionary Trace or (B) position of the side-chain relative to the interior of the -barrel of the essential N-

terminal OB-fold domain of Stn1; stn1-A strains with CEN plasmids expressing the indicated mutations were grown at 23° prior
to preparing genomic DNA for telomere length analysis.
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Viable ? Telom ere length 23° 36°
I73A Very long + +/-
173S Nea ity inviable Exte mely long +/- —
173Y Very long + +-to (+)
L75A Med long + (+) to +
L75S Very long (+) to + +-to (+)
L75Y inviable n/a
179A Med long ++ +
I79S Ve long +to ++ *+)
179Y inviable nia
193A Med long ++ +
193S Very long + +/- to (+)
193Y Slight y long ++ +
L97 A Very long (+) +/-
L97S inviable n/a
L97Y Very long (+) to + +/-
L106A Wlldtype ++ ++
L1068 Wlldtype ++ + +
L106Y Wildty pe ++ ++
L140A Wildty pe ++ ++
L140S Wildty pe ++ ++
L140Y Wildty pe ++ ++
V142A Slight y long + to ++ +
V142S Nea fy inviable nt +/- _
V142Y invia ble nia
L1563 A Very long (+) +/-
L153S invia ble na
L153Y Very long (+) +/-
V155A Very long + +)
V1558 Nea ity inviable nt +/- —
V155Y inviable n/a
L158 A Very long + +
L158S Very long + +
L158Y n.t. (+) +/-
G77A Very long (+) to + +/- to +
G77S n.t. (+) +/-
G77Y Nea fy inviable nt +/- —
G1 37A + Very long +(+) +)
G1 37S + Long ++ +
G1 37Y inviable n/a

Figure S5 Summary of viability and telomere length of a panel of stn1™ missense mutations introduced into 11 hydrophobic
residues with side-chains located in the interior of the 3-barrel of the essential N-terminal OB-fold domain of Stnl. Telomere
length of selected mutant isolates is shown in Figure S4. The results for mutagenesis of two highly conserved glycine residues
are also included.

6SlI M. Paschini et al.



23° 30° 36°

CDC13 CGl121 ‘ ‘

CDC13cgi121-A | ® o ‘
cdc13-A cgi121-A [ ° °
cdc13-A CGI121 & .

Figure S6 Schematic of relative colony size following dissection of a CDC13/cdc13-A RAD24/rad24-A CGI121/cgi121-A
diploid; colony size is roughly to scale, with red dots indicating colonies that can only visulized with magnification. All
indicated genoytpes are also rad24-A. Data for representative colonies indicated by the box are shown in Figure 8C.
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