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Abstract

Ribonucleotide reductase (RNR) provides the precursors for the generation of dNTPs,

which are required for DNA synthesis and repair. Here, we investigated the function of the

major RNR subunits Rnr1 and Rnr3 in telomere elongation in budding yeast. We show that

Rnr1 is essential for the sustained elongation of short telomeres by telomerase. In the

absence of Rnr1, cells harbor very short, but functional, telomeres, which cannot become

elongated by increased telomerase activity or by tethering of telomerase to telomeres.

Furthermore, we demonstrate that Rnr1 function is critical to prevent an early onset of repli-

cative senescence and premature survivor formation in telomerase-negative cells but dis-

pensable for telomere elongation by Homology-Directed-Repair. Our results suggest that

telomerase has a "basal activity" mode that is sufficient to compensate for the “end-replica-

tion-problem” and does not require the presence of Rnr1 and a different "sustained activity"

mode necessary for the elongation of short telomeres, which requires an upregulation of

dNTP levels and dGTP ratios specifically through Rnr1 function. By analyzing telomere

length and dNTP levels in different mutants showing changes in RNR complex composition

and activity we provide evidence that the Mec1ATR checkpoint protein promotes telomere

elongation by increasing both dNTP levels and dGTP ratios through Rnr1 upregulation in a

mechanism that cannot be replaced by its homolog Rnr3.

Author summary

Telomeres protect the ends of eukaryotic chromosomes and as such determine the repli-

cative capacity of a cell. In budding yeast and approximately 80% of human tumors the

enzyme telomerase maintains telomere length by adding newly synthesized repeats to

telomeres using dNTPs generated by Ribonucleotide reductase (RNR) complexes. Simi-

larly, telomerase activity can restore telomere length after more severe telomere shorten-

ings that result from collapsed replication forks or lead to telomere over-elongation in the

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007082 October 25, 2017 1 / 22

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Maicher A, Gazy I, Sharma S, Marjavaara

L, Grinberg G, Shemesh K, et al. (2017) Rnr1, but

not Rnr3, facilitates the sustained telomerase-

dependent elongation of telomeres. PLoS Genet 13

(10): e1007082. https://doi.org/10.1371/journal.

pgen.1007082

Editor: Jin-Qiu Zhou, Chinese Academy of

Sciences, CHINA

Received: August 8, 2017

Accepted: October 18, 2017

Published: October 25, 2017

Copyright: © 2017 Maicher et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work was supported by the Israel

Science Foundation (https://www.isf.org.il/#/), the

Israel Cancer Research Fund (https://www.

icrfonline.org/) and the Israel Cancer Association

(en.cancer.org.il/) to MK, and by the Swedish

Cancer Society (www.ncu.nu/Default.aspx?ID=33),

the Knut and Alice Wallenberg Foundation (kaw.

wallenberg.org/) and the Swedish Research

https://doi.org/10.1371/journal.pgen.1007082
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007082&domain=pdf&date_stamp=2017-11-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007082&domain=pdf&date_stamp=2017-11-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007082&domain=pdf&date_stamp=2017-11-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007082&domain=pdf&date_stamp=2017-11-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007082&domain=pdf&date_stamp=2017-11-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007082&domain=pdf&date_stamp=2017-11-06
https://doi.org/10.1371/journal.pgen.1007082
https://doi.org/10.1371/journal.pgen.1007082
http://creativecommons.org/licenses/by/4.0/
https://www.isf.org.il/#/
https://www.icrfonline.org/
https://www.icrfonline.org/
http://en.cancer.org.il/
http://www.ncu.nu/Default.aspx?ID=33
http://kaw.wallenberg.org/
http://kaw.wallenberg.org/


absence of negative regulators of telomerase. Here we provide evidence for two activity

modes of telomerase that differentially depend on the major RNR subunit Rnr1. We dem-

onstrate that telomere maintenance and a compensation of the "end-replication-problem"

is possible under conditions where Rnr1 activity is absent but that a sustained elongation

of short telomeres fully depends on Rnr1 activity. We show that the Rnr1-homolog, Rnr3,

cannot compensate for this telomeric function of Rnr1 even when overall cellular dNTP

values are restored.

Introduction

Telomeres are nucleoprotein complexes that protect the linear ends of eukaryotic chromo-

somes from nucleolytic degradation and unwanted DNA repair activities [1–3]. Due to the

"end-replication-problem" telomeres shorten with every cell division [2]. Once telomeres

reach a critical length, with progressive number of chromosome replications they can no lon-

ger maintain their protective function and induce a permanent arrest of the cell cycle which

has been referred to as replicative senescence [4–7]. Most cancer cells overcome this limitation

of replicative capacity by upregulating telomerase, an enzyme whose expression is usually

restricted to highly proliferative cells or early developmental stages [8,9]. A minority of tumors

makes use of an Alternative-Lengthening of Telomere (ALT)-mechanism, which is based on

homology-directed repair (HDR) to re-elongate their telomeres [10,11]. Budding yeasts consti-

tutively express telomerase; when telomerase subunits are deleted, a senescence-like growth

arrest is induced after approximately 60–80 cell divisions [4,12]. Similar to ALT-positive

tumors, single yeast cells called “survivors” manage to overcome this arrest by using HDR-

mechanisms for telomere elongation [13–15]. Genetic screens in yeast have uncovered a large

number of genes responsible for the maintenance of a constant telomere length (Telomere

LengthMaintenance or TLM genes) [16–18]. These genes affect diverse cellular pathways.

Ribonucleotide reductase (RNR) is a universally conserved enzyme that converts ribonucle-

otides to 2’-deoxyribonucleotides and provides the precursors for the generation of dNTPs,

which are required for both DNA synthesis and repair [19–21]. Budding yeast RNR is a tetra-

meric complex, which in the absence of DNA damage consists mainly of a homodimer of the

large Rnr1 subunits and a heterodimer of the small Rnr2 and Rnr4 subunits. The Rnr1 subunit

harbors the catalytic site and two effector sites, which regulate substrate preference (specificity

site) and overall enzymatic activity (activity site). A diferric tyrosyl radical is present in the

small Rnr2 subunit and is essential for catalytic reduction of NDPs [19]. The Rnr2-paralog,

Rnr4, plays a structural role by stabilizing the tetramer complex and is crucial for the assembly

and activity of the Rnr2 co-factor [22,23]. RNR abundance and activity is largely regulated by

the Mec1ATR checkpoint, and its downstream effector kinases Rad53 and Dun1. When cells

enter S-phase and in response to DNA damage Mec1ATR upregulates RNR activity by inducing

the degradation of the Rnr1 inhibitor Sml1 through its downstream kinase Dun1, thus ensur-

ing the constant supply of dNTPs required for replication and repair [24,25]. Dun1 activation

also results in the degradation of Dif1, leading to the release of the Rnr2 and Rnr4 subunits

from the nucleus and thus promoting the formation of active RNR complexes in the cytoplasm

[26,27]. Finally, Mec1ATR-Rad53 upregulates Ixr1, a positive transcription factor of RNR1
[28]. An alternative large subunit, Rnr3, is usually expressed at very low levels under normal

growth due to transcriptional repression by the Crt1/Rfx1 protein but is highly upregulated in

response to DNA damage in a Mec1ATR checkpoint dependent manner [29,30]. In vitro, Rnr3

is about 100 times less active than Rnr1 but increases its activity when associated with Rnr1,

via a crosstalk between the activity site of Rnr1 and the Rnr3 catalytic site [31].

Rnr1 but not Rnr3 provides telomerase with sustained activity
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Changes in dNTP ratios that result from hypomorphic mutations in the large Rnr1 subunit

have been proposed to affect the processivity of telomerase [32]. The concrete function of

Rnr1 in telomere elongation, however, remained difficult to analyze since a full deletion of

RNR1 results in cell death or a severe growth defect. Furthermore, the investigation of a direct

connection between Mec1ATR and its downstream target RNR in telomere maintenance was

impaired by the fact that survival ofmec1Δ strains depends on dNTP level upregulation that is

usually achieved by a co-deletion of the Rnr1-inhibitor SML1 [33].

In this work we expressed an alternative Rnr3-containing RNR complex, which allowed us

to study the consequences of a complete loss of Rnr1 function on telomere length regulation.

Surprisingly, we found that Rnr1 activity not only promotes telomere maintenance by telome-

rase but is absolutely required for the sustained telomerase-dependent elongation of short telo-

meres. We demonstrate that a loss of Rnr1 activity specifically impairs the elongation of short

telomeres by telomerase but leaves ALT-pathways unaffected. By using alternative ways to

suppress the lethality ofmec1Δmutants we show that sustained telomere elongation by telome-

rase is promoted by the upregulation of Rnr1 activity, which also maintains high dGTP ratios.

Furthermore, we demonstrate that telomere over-elongation is regulated by Mec1ATR-Dun1

pathway in an Rnr1-specific mechanism that cannot be replaced by an upregulation of

Rnr3-produced dNTPs. As rnr1Δ mutants do maintain functional telomeres, but are unable

to elongate them further, our results distinguish between two different telomerase activity

“modes”, one involved in telomere maintenance, and another responsible for sustained

elongation/repair.

Results

Rnr1 plays a role in the maintenance of telomeres, which cannot

efficiently be replaced by its homolog Rnr3

Budding yeast RNR is a tetrameric complex, which during S-phase consists mainly of a homo-

dimer of Rnr1 and a heterodimer of Rnr2 and Rnr4 subunits (Fig 1A). The deletion of RNR1
results in an impaired growth phenotype: in some yeast genetic backgrounds (e.g. W303) the

loss of RNR1 results in cell death, whereas in others, as the BY4741/2 background used here,

cells grow slowly, forming extremely small colonies presumably because of a leaky transcrip-

tion of the alternative Rnr3 subunit [32]. Spontaneous suppressors that allowed better growth

of rnr1Δ mutants were found to contain a premature stop mutation in the CRT1 gene that

leads to the expression of a truncated Crt1 protein (Fig 1A). This mutation, as well as a full

deletion of CRT1, efficiently suppressed the slow growth phenotype of rnr1Δ mutants after

meiotic segregation and tetrad analysis (Fig 1A) and resulted in a clear elevation of Rnr3/4 pro-

tein levels (S1A Fig). We decided to make use of this system to study the effect of the absence

of Rnr1 function on the maintenance of telomeres by telomerase. For this aim, an RNR1/rnr1Δ
CRT1/crt1Δ double heterozygote strain was subjected to meiosis, and haploid progeny of all

combinations was tested for the ability to maintain telomere length after approximately 30 and

35 cell divisions.

Consistent with previous results [32,34], we observed that the absence of Rnr1 resulted in

pronounced telomere shortening (Fig 1B). To our surprise, however, an upregulation of Rnr3

expression (CRT1 deletion) did not substantially alleviate the telomere shortenings of rnr1Δ
mutants. Thus, in contrast to cell viability, which was largely rescued by an upregulation of

RNR complexes containing only Rnr3 as large subunits (Fig 1A), the telomere length defect

could not be restored in rnr1Δ mutants. We conclude that Rnr1-containing RNR complexes

are more effective in the maintenance of telomere length than RNR complexes containing

Rnr3.

Rnr1 but not Rnr3 provides telomerase with sustained activity
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Fig 1. The loss of Rnr1 causes short telomeres that are stably maintained. A) Mec1ATR regulates RNR activity and

abundance via its downstream effector kinases Rad53 and Dun1. Dun1 phosphorylates Sml1 and releases its inhibitory effect on

Rnr1 activity. Upon phosphorylation by Dun1, the repressive effect of Crt1 on Rnr2/3/4 transcription is abolished. The major RNR

complex present in S-phase of the cell cycle consists of a tetramer containing two large Rnr1 subunits. Rnr3 is usually expressed

at low levels but is upregulated in response to DNA damage. Sequencing of the CRT1 gene identified a premature stop codon

that overcame the slow growth defect of rnr1Δmutants, indicating that an RNR complex containing only Rnr3 as large subunits

can compensate for the loss of Rnr1 in terms of cell viability. Tetrad analysis of spores derived from RNR1/rnr1ΔCRT1/crt1 (left)

and RNR1/rnr1ΔCRT1/crt1Δ (right) heterozygous diploids indicate that the crt1 suppressor mutation behaves as a single

Mendelian trait and phenocopies the full deletion of CRT1 in the suppression of impaired growth. For each heterozygous diploid

four tetrads (1–4) have been analyzed by dissection. B) Telomere length analysis by Southern blotting. Following meiotic

segregation heterozygous diploid RNR1/rnr1ΔCRT1/crt1Δmutants have been dissected and the ability to maintain Y´ telomeres

has been analyzed in the indicated spore colonies (2 biological replicates over 2 serial dilutions in liquid culture; approximately 30

and 35 generations after meiotic segregation). The telomere shortening of rnr1Δ crt1Δ double mutants resembles the one of

rnr1Δ single mutants. C) dNTP pools and dGTP ratios (in %) were measured in the indicated strains. rnr1Δmutants show lower

dNTP levels and dGTP ratios when compared to wild type cells. CRT1 mutation results in an elevation of dNTP levels of rnr1Δ

Rnr1 but not Rnr3 provides telomerase with sustained activity
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Next we investigated how these changes in RNR complex composition affect overall cellular

dNTP levels in these mutants (see S4 Table). Consistent with previous observations [32,34],

cells lacking Rnr1 (wild type for CRT1), showed a reduction in cellular dNTP levels and particu-

larly low dGTPs (Fig 1C). Interestingly, the upregulation of Rnr3-containing RNR complexes

by a deletion of CRT1 was sufficient to restore dATP,dTTP,dCTP but not dGTP levels above

wild-type-levels in the absence of Rnr1 (Fig 1C). Thus, Rnr3-containing RNR complexes appear

to be less efficient in the generation of dGTPs when compared to Rnr1-containing RNR

complexes.

In order to determine potential long-term effects of the absence of Rnr1 on telomere length

and to validate that the short telomere phenotype of rnr1Δ crt1Δmutants is caused by a loss of

the enzymatic function of Rnr1, we expressed wild type RNR1 or a catalytically inactive version

of Rnr1 (C428A) in rnr1Δ crt1Δmutants for 200 generations. Notably, rnr1Δ crt1Δmutants

did not show any signs of replicative senescence but were able to maintain short telomeres

even after 200 generations (Fig 1D). Thus, Rnr3-produced dNTPs are sufficient for compen-

sation of the “end-replication-problem”. Expression of a wild type RNR1was able to comple-

ment the telomere defect of the rnr1Δ crt1Δ strain and a telomere length close to wild type

(crt1Δ, compare Fig 1B) was restored after 200 generations (Fig 1D). In contrast, telomeres did

not become re-elongated in rnr1Δ crt1Δmutants expressing the catalytically inactive Rnr1-

C428A allele. We also assessed potential long-term effects of the loss of Rnr3 function on telo-

mere length. In contrast to a loss of Rnr1, a deletion of RNR3 did not result in telomere short-

ening after 200 generations (S1B Fig).

Homology-directed repair (HDR) between short telomeres can contribute to their mainte-

nance, in addition to telomerase [35]. In order to investigate whether HDR maintains the telo-

meres of rnr1Δ crt1Δmutants, we generated heterozygous diploid RNR1/rnr1ΔCRT1/crt1Δ
RAD52/rad52Δmutants and assessed the telomere shortening in the derived spore colonies

after meiotic segregation. The absence of RAD52, a gene essential for HDR, did not exacerbate

the loss of telomeric sequences in rnr1Δ crt1Δ double mutants or lead to senescence (S1C and

S1D Figs).

These results suggest that an Rnr1-specific activity of RNR is required to maintain wild type

telomere length by telomerase. Rnr3-containing RNR complexes appear to function less effi-

ciently in this telomere maintenance mechanism. As a consequence telomeres are eventually

maintained at a shorter length in the absence of Rnr1 but can become re-elongated when wild

type Rnr1 is re-introduced (Fig 1D).

Mec1ATR promotes the maintenance of wild type telomere length by

maintaining high cellular dGTP ratios through Rnr1 upregulation

When cells enter S-phase Mec1ATR increases RNR activity by degrading the RNR inhibitor

Sml1 (24). Sml1 is a known inhibitor of Rnr1 [24,25], but has also been reported to bind to

Rnr3 [36]. Furthermore, in order to form the active RNR complex, Rnr1 and Rnr3 associate

with the small subunits, which are regulated by Crt1 [30]. We were therefore interested in the

question: to what extent Rnr1- and Rnr3- containing RNR complexes react to the degradation

of Sml1 and Crt1? To this aim we quantified dNTP levels in rnr3Δ and rnr1Δ single mutants

mutants but dGTP levels remain below wild type levels. Mean values +/-SEM are indicated. All values are shown as fold change

over the individual dNTP levels of the wild type (set to 1). n(wild type) = 9; n(rnr1Δ crt1Δ) = 3; n(rnr1Δ) = 3; n(crt1Δ) = 2. D)

Telomere length analysis by Southern blotting showing that rnr1Δ crt1Δmutant telomeres are short but stably maintained. The

plasmid-born expression of wild type Rnr1 for 200 generations restored telomere length of rnr1Δ crt1Δmutants to a large extent.

The expression of the catalytic inactive Rnr1-C428A did not affect telomere length in rnr1Δmutants. Represented are biological

replicates of the indicated strains.

https://doi.org/10.1371/journal.pgen.1007082.g001

Rnr1 but not Rnr3 provides telomerase with sustained activity
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and compared them to rnr3Δ crt1Δ and rnr1Δ crt1Δ double mutants and rnr3Δ crt1Δ sml1Δ
and rnr1Δ crt1Δ sml1Δ triple mutants (Fig 2A).

The deletion of CRT1 resulted in an increased activity of Rnr3-containing RNR complexes

(Fig 2A, compare rnr1Δ and rnr1Δ crt1Δmutants) but only mildly affected Rnr1 activity (Fig

2A, compare rnr3Δ and rnr3Δ crt1Δmutants). This small effect of a CRT1 deletion on Rnr1-ac-

tivity might be caused by the upregulation of Rnr2 and Rnr4, which might result in an increase

in functional Rnr1-containing RNR complexes. Regarding the role of Sml1, we found that in

contrast to Rnr1-containing RNR complexes (Fig 2A, compare rnr3Δ crt1Δ and rnr3Δ crt1Δ
sml1Δ), Rnr3-containing RNR complexes do not substantially increase their dNTP synthesis

rates in response to a deletion of SML1 (Fig 2A, compare rnr1Δ crt1Δ and rnr1Δ crt1Δ sml1Δ).

We conclude that the deletion of CRT1 primarily increases the activity of Rnr3-containing

RNR complexes whereas the absence of Sml1 upregulates Rnr1 activity (Fig 2A).

As mentioned before, the single deletion ofMEC1 results in cell lethality that can be sup-

pressed by a co-deletion of SML1.mec1Δ sml1Δ double mutants show a telomere length that is

similar to that of wild type cells [37]. We speculated that in these strains the function of Mec1

in telomere elongation might be masked by the co-deletion of SML1, which leads to the upre-

gulation of Rnr1 activity independently of Mec1ATR. To test this possibility, heterozygous dip-

loidMEC1/mec1Δ SML1/sml1Δ RNR1/rnr1ΔCRT1/crt1Δ cells (of wild type telomere length)

were subjected to meiosis, dissected, and the ability to maintain telomeres was analyzed in the

derived spores after 30–40 generations. We observed that rnr1Δ is synthetic lethal withmec1Δ
even in the absence of SML1 or/and CRT1 (S2A Fig). Thus, the epistatic relationships between

rnr1Δ crt1Δ andmec1Δ sml1Δ in telomere maintenance could not directly be addressed. Con-

sistent with previous results [30], we found that a deletion of CRT1 suppresses the lethality of

mec1Δ to a similar extent to that of a SML1 deletion (S2A Fig). We decided to make use of

thesemec1Δ crt1Δ double mutants to investigate the effect of the absence of Mec1-mediated

Sml1 degradation on telomere length.

Indeed, in agreement with the loss of an upregulation of Rnr1 activity by Sml1 degradation

that promotes telomere elongation, the telomeres ofmec1Δ crt1Δmutants displayed a shorter

length and resembled the telomeres of rnr1Δ crt1Δmutants (Fig 2B). The co-deletion of SML1
and resulting upregulation of Rnr1 activity (independent of Mec1) inmec1Δ sml1Δ crt1Δ
mutants, however, resulted in an increased ability to maintain telomere length.

Next, we determined the cellular dNTP levels in the differentmec1Δmutants (Fig 2C).

dNTP levels were upregulated above those of the wild type when SML1was deleted, even in

the absence of Mec1ATR (mec1Δ sml1Δ andmec1Δ sml1Δ crt1Δ). Interestingly, the deletion of

CRT1 was sufficient to upregulate the levels of all 4 dNTPs above wild type levels inmec1Δ
mutants even in the presence of the active Sml1 inhibitor (mec1Δ crt1Δ). Thus, an overall cellu-

lar increase in dNTP levels produced by Rnr3 is not sufficient to restore telomere length when

Mec1ATR activity is lost and Rnr1 is inhibited by Sml1.

Changes in the ratios between dGTPs and the other dNTPs have been proposed to affect

the processivity of telomerase leading to telomere length changes [32]. Since upregulation of

Rnr3 (in strains deleted for RNR1) results in a relative dGTP deficit (Fig 1C), we asked to what

extent the short telomere length of rnr1Δ, rnr1Δ crt1Δmutants andmec1Δ crt1Δmutants can

be attributed to lower ratios of dGTPs. To this aim we analyzed telomere length in these

mutants as a function of cellular dGTP ratios (dGTP levels relative to overall dNTP levels).

Strikingly, we found that telomere length strongly correlated with dGTP ratios (Fig 2D; R2 =

0.8960) but not with overall cellular dGTP/dNTP levels (S2B Fig).

These results indicate that the Mec1ATR checkpoint pathway promotes telomere mainte-

nance by telomerase specifically by keeping high dGTP ratios through Rnr1 activation (Sml1

degradation) in S-phase. The upregulation of Rnr3 by a deletion of CRT1 cannot replace this

Rnr1 but not Rnr3 provides telomerase with sustained activity
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Fig 2. The Mec1ATR–checkpoint promotes telomere elongation by regulating Rnr1 through Sml1. A) Sml1 inhibits Rnr1 but not Rnr3

activity. dNTP pools and dGTP ratios (in %) were measured in the indicated strains. The co-deletion of SML1 upregulates dNTP synthesis in

Rnr1 but not Rnr3 provides telomerase with sustained activity

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007082 October 25, 2017 7 / 22

https://doi.org/10.1371/journal.pgen.1007082


Rnr1 function in the absence of Mec1ATR and eventually results in shorter telomeres due to a

reduction in cellular dGTP ratios (Fig 2E).

Telomerase- negative cells depend on Rnr1 activity to prevent an early

onset of replicative senescence and premature survivor formation

Telomerase-negative yeast cells have recently been reported to show increased replicative

stress at telomeres that can be suppressed by a co-deletion of the Rnr1 inhibitor SML1 [38].

We were therefore interested in a potential role of Rnr1 in telomere maintenance that is inde-

pendent of telomerase regulation.

To this aim, the catalytic subunit of telomerase, EST2, was deleted in a heterozygous diploid

RNR1/rnr1ΔCRT1/crt1Δmutant and the rate of replicative senescence of rnr1Δ crt1Δ est2Δ
spores was compared to that of isogenic est2Δ and crt1Δ est2Δ controls. Freshly dissected spore

colonies were incubated in liquid YPD medium and re-diluted every 24 hours to an OD of 0.02.

The cell density after 24 hours as a function of the number of cell divisions was used to visualize

the onset of replicative senescence that is induced by telomere erosion (Fig 3A). As expected,

est2Δ and crt1Δ est2Δ double mutants senesced after approximately 55–60 cell divisions in the

absence of telomerase activity and eventually recovered from the growth arrest by forming sur-

vivors (Fig 3B). Interestingly, rnr1Δ crt1Δ est2Δ triple mutants showed a significant accelerated

loss of viability and senesced at around generation 40, forming survivors prematurely (Fig 3B).

In two out of five rnr1Δ crt1Δ est2Δ replicates survivors were already emerging in the first dilu-

tion suggesting that the loss of Rnr1 may have a synergistic effect on the promotion of HDR-

mediated telomere lengthening in telomerase-negative cells (see S3A Fig for individual curves).

Of note, the loss of viability observed at early dilutions in rnr1Δ crt1Δ est2Δ triple mutants

was not observed in telomerase-positive rnr1Δ crt1Δ cells, indicating that the senescence is

telomere-related and not due to a checkpoint activation that is elicited by DNA damage else-

where in the genome (S3B Fig). To validate these observations, we directly determined the

telomere lengths of the re-diluted mutants by Southern blotting (Fig 3C) using the biological

replicates that best described the average curves in Fig 3B. After the first dilution, telomeres of

rnr1Δ crt1Δ est2Δ mutants showed a similar length to those of est2Δ and crt1Δ est2Δ mutants.

With ongoing dilutions, however, the telomeric signals differed significantly. Whereas telo-

meres of crt1Δ est2Δ and est2Δ mutants continued to shorten progressively and only formed

survivors after approximately 30 more generations, the telomeres of rnr1Δ crt1Δ est2Δ mutants

showed a heterogeneous length indicative of survivor formation already after 10 more cell divi-

sions (Fig 3C).

rnr3Δ crt1Δ double mutants but not in rnr1Δ crt1Δmutants. The co-deletion of CRT1 increases dNTP synthesis in rnr1Δ but not substantially in

rnr3Δmutants. Mean values +/-SEM are indicated. All values are shown as fold change over the individual dNTP levels of the wild type (set to 1).

The dNTP levels of rnr1Δ and rnr1Δ crt1Δmutants were taken from the experiment in Fig 1C and are shown as a comparison. n(wt) = 2; n(rnr3Δ)

= 2; n(rnr3Δ crt1Δ) = 2; n(rnr3Δ crt1Δ sml1Δ) = 2; n(rnr1Δ) = 3; n(rnr1Δ crt1Δ) = 3; n(rnr1Δ crt1Δ sml1Δ) = 2; n(crt1Δ) = 2; n(crt1Δ sml1Δ) = 2. B)

Telomere length analysis by Southern blotting. Following meiotic segregation heterozygous diploid MEC1/mec1Δ SML1/sml1ΔRNR1/rnr1Δ
CRT1/crt1Δmutants were dissected and the ability to maintain telomeres was analyzed in the indicated spore colonies over 3 serial dilutions in

liquid culture (generations 30G-40G). mec1Δ crt1Δmutants show a short telomere length phenotype that resembles the one of rnr1Δ crt1Δ
mutants. The short telomeres of mec1Δ crt1Δ could be rescued by a co-deletion of SML1. C) dNTP pools and dGTP ratios (in %) were measured

in the indicated strains. mec1Δ sml1Δ, mec1Δ sml1Δ crt1Δ and mec1Δ crt1Δmutants show dNTP levels above wild type. Mean values +/-SEM

are indicated. All values are shown as fold change over the individual dNTP levels of the wild type which were taken from the experiment in (A)

(set to 1). n(wt) = 2; n(mec1Δ sml1Δ) = 2; n(mec1Δ sml1Δ crt1Δ) = 2; n(mec1Δ crt1Δ) = 2. D) Telomere length has been analyzed as a function of

dGTP ratios (dGTP levels relative to overall dNTP levels). An R-square test has been performed to investigate the goodness of fit. n(dNTPs/

length): wt (9/3), rnr1Δ (3/2), crt1Δ (2/2), rnr1Δ crt1Δ (3/3), sml1Δ crt1Δ (2/1), mec1Δ sml1Δ (2/3), mec1Δ crt1Δ (2/3), mec1Δ sml1Δ crt1Δ (2/3).

E) The Mec1ATR checkpoint pathway promotes telomere elongation specifically via its regulation of Rnr1 activity through Sml1 degradation. High

Rnr1 activity promotes telomere maintenance by keeping high cellular dGTP ratios. Shortening of telomere length correlates with Rnr1 inhibition

or inactivity and therefore lower dGTP ratios that are produced by Rnr3.

https://doi.org/10.1371/journal.pgen.1007082.g002
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Overall these results suggest that Rnr1 activity not only promotes telomere length mainte-

nance by telomerase but functions additionally in a mechanism that is crucial for the mainte-

nance of short telomeres in the absence of telomerase. The fact that rnr1Δ crt1Δ est2Δ mutants

formed survivors prematurely shows that their telomeres can efficiently be extended by HDR-

dependent telomere elongation mechanisms that do not require Rnr1 activity.

A sustained elongation of short telomeres by telomerase requires Rnr1

activity

Mutations in Rnr1 that reduce the ratio of dGTP synthesis have been reported to negatively

affect the processivity of telomerase [32]. Since we observed lower dGTP ratios in rnr1Δ crt1Δ
mutants (Figs 1C and 2D) we next asked whether an increase in telomerase activity would

compensate for the complete loss of Rnr1 function at telomeres. Deletions of a number of

yeast genes have been shown in the past to lead to telomere over-elongation [hereafter referred

as “long tlm (telomere lengthmaintenance) mutants”] in a telomerase-dependent manner. We

Fig 3. The loss of Rnr1 activity interferes with the maintenance of short telomeres and accelerates replicative senescence and survivor

formation in telomerase-negative cells. A) Experimental approach: Following meiotic segregation and tetrad dissection spore colonies were diluted in

liquid medium to an OD600 value of 0.02. After every 24h of growth at 30˚C the optical cell density has been measured and cells were re-diluted to an OD600

of 0.02. The number of cell divisions/generations was calculated as log2 (OD60024h/0.02). B) Senescence curves reflecting the cell density reached after 24

hours of growth as a function of cell divisions (generations). In rnr1Δ crt1Δ est2Δmutants the onset of replicative senescence and survivor formation is

accelerated when compared to crt1Δ est2Δ and est2Δ controls. The number of cell divisions the spore colony went through before the first dilution has been

estimated as 25 generations (starting point of the curves). Data is shown as mean +/- SEM (n = 3–5). C) Telomere length analysis by Southern blotting of

one biological replicate of each genotype shown in (B). Telomeres of est2Δ and crt1Δ est2Δ controls shortened progressively with ongoing generations (G)

and showed a heterogeneous length indicative of survivor formation at 65 and 62 cell divisions, respectively. The telomeres of rnr1Δ crt1Δ est2Δmutants

could not be maintained after the first dilution and showed a heterogeneous length already at generation 40.

https://doi.org/10.1371/journal.pgen.1007082.g003
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tested whether deleting any of these genes would restore normal telomere size in rnr1Δ crt1Δ
mutants. Pif1 acts as a negative regulator of telomere length by inhibiting telomerase proces-

sivity and therefore limits the length of the telomeric sequence that is added in a single telome-

rase reaction [39]. Elg1 is an RFC-like complex, which has been implicated in the coupling of

semiconservative replication and telomerase activity [40,41] and acts in a different pathway of

telomere elongation from Pif1 [42]. As expected, deletion of these genes in a wild type RNR1
background led to telomere elongation (Fig 4A). In stark contrast, telomere length did not

change when these long tlmmutations were introduced into rnr1Δ crt1Δ cells. In fact, telo-

meres remained as short as in the rnr1Δ crt1Δ double mutant controls even after 200 genera-

tions (Fig 4A). We tested several additional long tlmmutations for their ability to elongate the

short telomeres of rnr1Δ crt1Δmutants and found that none of them was capable of causing

telomere elongation (S4 Fig). We next tried to force elongation in rnr1Δ crt1Δmutants by

expression of a fusion protein between the telomere-binding protein Cdc13 and either the reg-

ulatory subunit of telomerase, Est1, or the catalytic subunit, Est2. These fusion proteins result

in a permanent recruitment of telomerase to telomeres and in telomere elongation in wild type

cells [43] (Fig 4B). Strikingly, telomeres of rnr1Δ crt1Δ and rnr1Δ crt1Δ elg1Δ mutants did not

become elongated by expression of either of these fusion proteins (Fig 4B). These results indi-

cate that genetic alterations that elevate the activity or processivity of telomerase in the pres-

ence of Rnr1 are unable to do so in the absence of Rnr1. Thus, rnr1Δ crt1Δmutants are

proficient in coping with the "end-replication-problem", but unable to extend short telomeres

in a sustained way.

A Mec1ATR–Dun1 mediated upregulation of Rnr1-produced dNTPs

promotes telomere (over-)elongation

Our results so far highlighted a critical function of Rnr1-containing RNR complexes in the sus-

tained elongation of short telomeres by telomerase (Fig 4). In order to determine whether this

function of Rnr1 is regulated by the Mec1ATR checkpoint we deleted the Dun1 kinase, which

acts downstream of Mec1ATR in the regulation of RNR activity (Fig 1A) [24,25,30]. Consistent

with previous results [17,32,44] dun1Δ mutants showed reduced dNTP levels and short telo-

meres, which were suppressed by a co-deletion of the Rnr1 inhibitor SML1 (Figs 5A and 5B).

To address whether reduced dNTP levels also result in telomere shortenings in long tlm
mutants we next combined the dun1Δ mutation with deletions of genes that negatively regu-

late telomerase-dependent telomere elongation. Indeed, the deletion of ELG1 only caused a

mild telomere elongation in the absence of Dun1 suggesting that RNR activity contributes to

telomere over-elongation in long tlmmutants (Fig 5B).

We have shown before that the upregulation of Rnr1 promotes telomere elongation in

mec1Δ sml1Δ andmec1Δ sml1Δ crt1Δmutants whereas the upregulation of Rnr3 is not suffi-

cient to restore wild type telomere length inmec1Δ crt1Δmutants (Fig 2B). In order to deter-

mine whether the same applies for long tlmmutants, we deleted SML1 or CRT1 to elevate the

activity/level of Rnr1 and Rnr3-containing RNR complexes in elg1Δ dun1Δ mutants. Interest-

ingly, we found that the deletion of SML1 and therefore Rnr1 upregulation fully rescued the

telomere elongation defect of elg1Δ dun1Δ mutants (Fig 5B). Consistent with our results using

amec1Δ crt1Δmutant (Figs 2B and 2C) the co-deletion of CRT1 did not affect the short telo-

mere length of dun1Δ mutants, despite the fact that it was able to elevate cellular dNTP levels

above those of the wild type (Figs 5C and 5D). Thus, the short telomere phenotypes in the

absence of Dun1 and Mec1 activity does not correlate with a general reduction of dNTPs but

specifically with a reduction in Rnr1 activity. Moreover, in stark contrast to SML1 deletion, a

deletion of CRT1 did not counteract the suppression of telomere elongation in elg1Δ mutants
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Fig 4. In the absence of Rnr1 telomeres cannot become elongated by increased telomerase activity.

A) Telomere length analysis by Southern blotting shows that mutations of the long TLM genes PIF1 or ELG1
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by a DUN1 co-deletion even though total levels of dNTPs were clearly upregulated in dun1Δ
elg1Δ crt1Δmutants (Figs 5C and 5D). These results indicate that Dun1 promotes telomere

elongation by a mechanism that specifically involves the upregulation of Rnr1 activity through

Sml1 degradation. This activity of Rnr1 cannot be replaced by that of Rnr3. The positive effect

of Rnr1 activity on sustained telomere elongation was not restricted to an elg1Δ strain. Indeed,

several other long tlmmutations, which affected telomere length in a pathway different from

that of elg1Δ (as indicated by the additive effects of the double mutation on telomere length)

showed impaired telomere elongation in a dun1Δ mutant background that could be restored

by SML1 but not CRT1 deletion (S5A Fig). Thus, an upregulation of Rnr1 activity through

Dun1 seems to have a general positive effect on telomere over-elongation regardless of the

original reason for telomere over-elongation in the respective long tlmmutant. Of note, in

contrast to rnr1Δ crt1Δmutants where telomerase-tethering did not result in any telomere

elongation (Fig 4B), the expression of Cdc13-Est1 or Cdc13-Est2 fusion proteins caused elon-

gation in dun1Δ crt1Δmutants even though at a reduced level compared to wild type (S5B

Fig). We conclude that, whereas Rnr1 is absolutely required for sustained elongation of telo-

meres, Dun1 promotes the sustained telomere elongation through Rnr1 activation but is not

absolutely essential for it.

We have demonstrated that the short telomere length in the absence of Rnr1 or Mec1ATR

correlates with a reduction in dGTP ratios (Fig 2D). Surprisingly, we found that elg1Δ single

mutants despite showing over-elongated telomeres were characterized by a slight reduction in

dGTP ratios (~13%) presumably caused by an upregulation of Rnr3, as indicated by a largely

epistatic effect of deleting CRT1 in the elg1Δ strain on dNTP levels and ratios (Fig 5C). Thus,

slightly reduced overall dGTP ratios (possibly above a certain threshold) seem to be sufficient

for sustained telomere over-elongation. Consistent with these results, dGTP ratios and telo-

mere length of elg1Δ crt1Δ double mutants resembled those of elg1Δ mutants (Figs 5C and

5D). Interestingly, we also observed that dun1Δ elg1Δ mutants showed higher dGTP ratios

(~18%) but reduced telomere length compared to wild type. Thus, an increase in dGTP ratios

alone does not correlate with telomere elongation when overall dNTP levels are limiting due to

a loss of Dun1 activity.

Overall these results suggest that neither an increase in dGTP levels (dun1Δ elg1Δ crt1Δ)

nor an increase in dGTP ratios alone (dun1Δ elg1Δ) is sufficient to promote telomere over-

elongation in long tlmmutants in the absence of Rnr1 activation (Figs 5C and 5D). We there-

fore propose that the upregulation of Rnr1 by Dun1 promotes the sustained elongation of telo-

meres in 2 ways—by increasing overall dNTP levels and simultaneously keeping dGTP ratios

at levels close to wild type. The fact that dun1Δ elg1Δ crt1Δmutant telomeres remained

impaired in telomere elongation despite having ratios sufficient for telomere over-elongation

(~13%; compare dGTP ratios and telomere length of elg1Δ crt1Δmutants in Figs 5C and 5D)

and dNTP levels above wild-type-levels opens the possibility of an additional level of regula-

tion of sustained telomere elongation that distinguishes between Rnr1- and Rnr3-produced

dNTPs.

cause telomere elongation when introduced in a wild type background but do not affect the short telomere

length of rnr1Δ crt1Δmutants. Telomere blots were performed approximately 200 generations after the long

tlm mutation has been introduced. Represented are biological replicates of the indicated strains. B) Telomere

length analysis by Southern blotting of cells expressing Cdc13-Est1 and Cdc13-Est2. Expression of the fused

proteins results in telomere elongation in wild type cells and crt1Δmutants but not in rnr1Δ crt1Δmutants or

rnr1Δ crt1Δ elg1Δmutants. A plasmid expressing Cdc13 was used as a control and did not cause elongation

of wild type cell telomeres. Represented are biological replicates of the indicated strains approximately 200

generations after transformation of the indicated plasmid.

https://doi.org/10.1371/journal.pgen.1007082.g004
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Fig 5. The Mec1ATR-Dun1 pathway promotes telomere over-elongation via Rnr1 activation through Sml1 degradation. A) dNTP pools and dGTP

ratios (in %) were measured in the indicated strains. dun1Δmutants show low dNTP levels, which can be elevated above wild type levels by a co-deletion

of SML1. In sml1Δ elg1Δ dun1Δmutants dNTP levels are elevated approximately 4 fold relative to wild type. Mean values +/-SEM are indicated. All values

are shown as fold change over the individual dNTP levels of the wild type which were taken from the experiment in Fig 1C (set to 1). n(wt) = 9; n(elg1Δ) =

2; n(sml1Δ) = 2; n(sml1Δ elg1Δ) = 2; n(dun1Δ) = 2; n(sml1Δ dun1Δ) = 2; n (dun1Δ elg1Δ) = 2; n(sml1Δ dun1Δ elg1Δ) = 2. B) Telomere length analysis by

Southern blotting. A deletion of DUN1 results in short telomeres, which only slightly become elongated by a co-deletion of the long TLM gene ELG1. The

simultaneous deletion of SML1 restores telomere length in dun1Δmutants and rescues the over-elongation of telomeres in dun1Δ elg1Δ double mutants.

Represented are biological replicates of the indicated strains after approximately 200 generations. C) dNTP pools and dGTP ratios (in %) were measured

in the indicated strains. dun1Δmutants show low dNTP levels, which can be elevated above wild type levels by a deletion of CRT1 or simultaneous

deletions of CRT1 and ELG1. Mean values +/-SEM are indicated. All values are shown as fold change over the individual dNTP levels of the wild type

which were taken from the experiment in Fig 1C (set to 1). The dNTP levels of elg1Δ and dun1Δmutants were taken from the experiment in (A) and are

shown as a comparison. n(wt) = 9; n(elg1Δ) = 2; n(elg1Δ crt1Δ) = 2; n(crt1Δ) = 2; n(dun1Δ) = 2; n(dun1Δ crt1Δ) = 2; n(dun1Δ elg1Δ) = 2; n(dun1Δ elg1Δ
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Discussion

By suppressing the growth defect of rnr1Δ mutants through an upregulation of the Rnr1-ho-

molog, Rnr3 (via CRT1 deletion), we demonstrate that Rnr1 function not only promotes the

maintenance of wild type telomere length but is also essential for telomere over-elongation by

telomerase. Indeed, long tlmmutants, which exhibit elongated telomeres in a wild type back-

ground [16–18], were unable to elongate their telomeres in the absence of Rnr1 (Fig 4A and S4

Fig). Strikingly, even forced recruitment of telomerase did not result in telomere lengthening

when Rnr1 was absent (Fig 4B).

The fact that rnr1Δ crt1Δmutants are able to deal with the “end-replication-problem”,

maintaining functional (albeit short) telomeres, but are unable to re-elongate their short telo-

meres lets us propose the existence of two different activity modes for telomerase, which we

call “basal activity” and “sustained activity” (Fig 6). Whereas the first mode allows the

crt1Δ) = 2. D) Telomere length analysis by Southern blotting. A co-deletion of CRT1 does not restore telomere length in dun1Δmutants nor does it rescue

the over-elongation of telomeres in dun1Δ elg1Δ double mutants. Represented are biological replicates of the indicated strains after approximately 200

generations.

https://doi.org/10.1371/journal.pgen.1007082.g005

Fig 6. Model: Rnr1 but not Rnr3 provides telomerase with sustained activity. Rnr1 is essential for

sustained telomerase-dependent elongation of telomeres. In the absence of Rnr1 (1) telomeres shorten and the

expression of the alternative large subunit, Rnr3, only allows a basal activity of telomerase due to reduced dGTP

ratios. This activity is sufficient to compensate for the "end replication problem" but not for re-elongation of the

short telomeres even when long TLM genes become mutated (2). In wild type cells Mec1ATR upregulates Rnr1

activity through Sml1 degradation and therefore ensures that telomeres are maintained at a wild type length by

keeping high dGTP ratios and supplying dNTPs (3). Alike, in long tlm mutants telomere over-elongation is

promoted by Rnr1 activation through Mec1ATR (4). In both cases Rnr3 expression cannot compensate for this

function of Rnr1 suggesting that Rnr1-produced dNTPs are provided in a local or temporal manner to promote

telomere elongation. Stalled replication forks at telomeres (not displayed) might promote telomerase activity by

triggering the S-phase checkpoint, thus maintaining high Rnr1 activity when telomeres become replicated.

https://doi.org/10.1371/journal.pgen.1007082.g006
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maintenance of functional telomeres and compensation of the “end-replication-problem” in

the absence of Rnr1, it is unable to provide extensive telomerase activity.

A previous report suggested a role of Mec1ATR in telomere elongation, as hypomorhicmec1
mutant alleles caused shorter telomeres [32]. Similarly, the short telomeres of dun1Δ mutants

have been attributed to reduced dNTPs as both phenotypes could be suppressed by deleting

the Rnr1 inhibitor SML1 [32,44]

Here we have investigated the telomere length phenotype of a full deletion ofMEC1 and deci-

phered the role of the Mec1-Dun1 downstream targets Rnr1 and Rnr3 in telomere length regula-

tion. Surprisingly we found that Mec1-Dun1 regulates telomere length maintenance specifically

by Rnr1 in a mechanism that cannot be efficiently replaced by Rnr3. Indeed,mec1Δmutants

whose lethality was suppressed by upregulating Rnr3 (CRT1 deletion) were impaired in telomere

length maintenance due to the persistence of Rnr1 inhibition by Sml1, despite the upregulation

of overall Rnr3-produced dNTP levels above those of wild type (Figs 2B and 2C). The same was

true when Rnr1 activity was reduced by aDUN1 deletion (Figs 5C and 5D). Thus, the short telo-

mere phenotype ofmec1Δ and dun1Δ mutants are not primarily caused by a general reduction

in cellular dNTP levels but rather correlate specifically with a reduction in Rnr1 activity.

Consistent results were obtained when DUN1was deleted in long tlmmutants since the full

capacity to over-elongate telomeres in dun1Δ elg1Δ mutants could only be restored when

SML1 but not when CRT1 was co-deleted (Figs 5B and 5D). Thus, we conclude that similar to

the maintenance of wild-type-length telomeres (Fig 2B) the Mec1-Dun1 pathway promotes

telomere over-elongation in long tlmmutants specifically in an Rnr1-dependent mechanism.

Why can’t Rnr3 compensate for this telomeric function of Rnr1? Previous experiments using

hypomorphic rnr1mutants attributed their short telomere phenotype to changes in dNTP

ratios and, in particular, reduced dGTP levels relative to other dNTPs [32]. Indeed, consistent

with this idea, we found that the short telomere length in rnr1Δ andmec1Δ crt1Δmutants cor-

related with reduced dGTP ratios (Figs 2D and 2E). Similarly, a reduction in dGTP ratios that

was induced by a CRT1 deletion correlated with slightly shorter telomeres (Fig 1B) and a small

reduction in telomere over-elongation after telomerase tethering (Fig 4B). Of note, high dGTP

ratios alone, however, appear to be not sufficient for sustained telomere elongation as dun1Δ
mutants were characterized by elevated dGTP ratios and yet contained short telomeres (Figs

5A and 5B).

Similarly, when ELG1 was deleted in dun1Δ mutants, telomere elongation remained

reduced despite the fact that dGTP ratios where clearly above wild-type-levels (Figs 5A and

5B). This indicates that Rnr1 promotes telomere maintenance and over-elongation in long tlm
mutants not only by keeping constant dGTP ratios but also by upregulating overall dNTP lev-

els (Fig 6). Nevertheless, Rnr3-produced dNTPs cannot replace Rnr1-produced dNTPs in this

mechanism, as shown by the inability of a CRT1 deletion to restore telomere length in dun1Δ
single and dun1Δ elg1Δ double mutants (Figs 5C and 5D).

Overall these results suggest an additional level of regulation that distinguishes between

Rnr1 and Rnr3-produced dNTPs during telomerase-dependent telomere elongation (Fig 6).

At least two different explanations are conceivable:

(I) Since Sml1 specifically inhibits Rnr1 (Fig 2A) and becomes degraded in a Mec1ATR-

checkpoint-dependent manner in S-phase [24,25] a cell cycle regulated production of Rnr1-

produced dNTPs might be crucial for efficient telomere elongation by telomerase. (II) A local

(nuclear or perinuclear) activation of Rnr1 through Sml1 degradation might provide sufficient

dNTPs for telomere elongation by telomerase. Indeed, even though Rnr1 has been shown to

predominantly localize to the cytoplasm [45], an increased nuclear localization has been

reported in response to replicative stress caused by a treatment with the RNR inhibitor

hydroxyurea [46]. Human RNR can also be localized to the nucleus [47].
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Of note, we found that dun1Δ mutant telomeres (compared to Dun1 positive cells) were

impaired in over-elongation when long TLM genes were deleted but still could become elon-

gated to some extent (Fig 5B and S5A Fig). Similarly, telomerase tethering was able to elongate

telomeres of dun1Δ crt1Δ double mutants (albeit at a reduced rate) (S5B Fig). This opens the

possibility that there is a threshold of dGTP ratios that is required for the ability to elongate

telomeres in the “sustained telomere elongation” mode, which is ensured by the presence of

Rnr1 but does not fully depend on its upregulation through Dun1. When dGTP ratios however

drop due to a complete loss of Rnr1 function, telomeres can only be maintained by a basal

activity using Rnr3-produced dNTPs (Fig 6).

The concrete molecular mechanism through which Rnr1-produced dNTPs and changes in

dGTP ratios affect telomerase dependent telomere elongation remains to be determined. The

ability to processively add telomeric DNA depends on two types of telomerase-movements

which have been referred as type I and type II translocation [48]. Whereas the first determines

the ability to add nucleotides with a simultaneous movement of the RNA-DNA duplex relative

to the active site, the second involves an unpairing of the RNA-DNA hybrid that is followed by

a re-alignment of telomerase to allow additional cycles of repeat addition. Studies using hypo-

morphic rnr1mutants showed that the nucleotide addition processivity (type I translocation)

of telomerase correlates with changes in dGTP ratios in vivo [32]. Indeed, we find that a dele-

tion of PIF1 did not result in telomere elongation in the absence of Rnr1 (Fig 4A) opening the

possibility that Rnr1 function is a pre-requisite for elevated nucleotide addition processivity

[39]. Interestingly, however, both types of translocations have been shown to be promoted by

increasing dGTP concentrations in in vitro experiments using budding yeast telomerase [49–

51]. Also, elevated dGTP concentrations have been shown to increase the processivity of

recombinant Tetrahymena and human telomerase in vitro [50,52,53]. Further biochemical

experiments are required to address the question of whether rnr1Δ crt1Δmutants are defective

in nucleotide addition and/or repeat addition processivity.

Interestingly, upon telomerase ablation, an activation of the replication checkpoint adaptor

Mrc1 and its downstream effectors Dun1 and Rad53 have been reported [54]. It therefore

appears possible that there is a replication checkpoint-mediated upregulation of Rnr1 activity

that facilitates fork progression through the short telomeric tracts and simultaneously pro-

motes their telomerase-dependent extension. Consistent with this idea we found that the

absence of Rnr1 accelerated the onset of replicative senescence and promoted survivor forma-

tion in telomerase negative cells (Figs 3B and 3C). This may be explained by replication fork

collapses in rnr1Δ crt1Δ est2Δmutants that become restarted by HDR, leading to the prema-

ture formation of survivors in the absence of both telomerase and Rnr1. Indeed, a checkpoint-

dependent induction of RNR has recently been shown to promote the restart of stalled replica-

tion forks in response to replicative stress [55]. The fact that telomerase-negative rnr1Δ crt1Δ
mutants are capable to efficiently elongate their telomeres by HDR further indicates that telo-

merase-dependent telomere elongation is more sensitive to a loss of Rnr1 activity than HDR-

mediated elongation mechanisms.

Human RNR complexes consist of hetero-oligomers of two large alpha subunits, RRM1,

and two small beta subunits, RRM2 or p53R2, which become upregulated in response to DNA

damage [56]. Interestingly, RNR has been shown to localize to sites of DNA damage in human

cells [47]. Furthermore, stalled replication forks have recently been shown to increase telome-

rase recruitment in an ATR-dependent manner in human cells [57]. It will therefore be inter-

esting to determine whether the increased localization of telomerase to telomeres in response

to stalled replication forks is caused by an S-phase checkpoint-mediated upregulation of RNR

activity that promotes the sustained elongation of telomeres in higher eukaryotes.
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Furthermore, our results in budding yeast suggest that telomerase-positive cancer cells may be

more sensitive to RRM1/RRM2 inhibition than ALT-positive cancer cells.

Materials and methods

Strains, primers and plasmids

All strains were derived from the BY4741/2 (MAT a/alpha his3Δ0 leu2Δ0 ura3Δ0) background.

Detailed genotypes, primers and plasmids used in this study are listed in the S1–S3 Tables.

Southern teloblots

Teloblots were carried out as previously described [18]. The telomeric probe was generated

using the primers Y’ element fwd / rev in a PCR reaction on genomic DNA of wild type cells

(see S2 Table for primer sequences). A size marker (generated using primer Tel-cont’ fwd /

rev) was used as reference. The size-control probe is a specific region of chromosome II (posi-

tions 558490 to 559790) and detects two bands in the XhoI digested genomic DNA (2044 and

779bp long). Radiolabeling was performed following the protocol of the Roche High Prime

DNA labeling KIT. Telomere length was measured with TelQuant [34], a VisualBasic6 pro-

gram specifically developed for measuring telomere length in yeast and graphically displayed

using Prism (GraphPad).

dNTP level measurements

Measurements were performed as previously described [58]. S4 Table shows dNTP levels and

ratios, as well as telomere length, for all mutants analyzed.

Senescence experiments

Spore colonies of dissected diploids were re-suspended in water and diluted in 5 ml YPD to a

final concentration of OD600 = 0.02. After 24 hours of growth at 30˚C absorption at 600 nm

was measured. Cultures were re-diluted to an OD600 = 0.02 in 5 ml YPD and inoculated for

further 24 hours at 30˚C. Cell samples have been stored daily for genomic DNA extraction and

Southern teloblots. Population doublings (PD) were calculated as log2 (OD60024h/0.02).

Graphs were created with the Prism (GraphPad) software package.

Western blotting

Protein samples for Western blotting were prepared as described before [59]. Proteins were

resolved by SDS-PAGE 10–15% acrylamide gels and transferred to nitrocellulose membranes,

blocked with 5% milk in TBST and immunoblotted with the indicated antibodies. Detection

was carried out using the ECL SuperSignal detection system (Thermo Scientific).

Rabbit polyclonal anti-Rnr1 (AS09 576), anti-Rnr3 (AS09 574), and anti-Sml1 (AS10 847)

antibodies were produced by Agrisera, Sweden. For the detection of both Rnr4 and α-tubulin

we used YL1/2 rat monoclonal antibodies (Sigma).

Supporting information

S1 Fig. rnr3Δmutants show a wildtype telomere length. The short telomeres of rnr1Δ crt1Δ
mutants are not maintained by HDR. A) Western blot analysis of RNR proteins. The upregu-

lation of Rnr3/4 protein levels in rnr1Δ crt1mutants is comparable to that of crt1Δmutants. B)

Telomere length analysis by Southern blotting. The deletion of RNR3 does not result in a short

telomere phenotype in wildtype strains or crt1Δmutants. Represented are biological replicates
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of the indicated strains after at least 200 generations. C) Telomere length analysis by Southern

blotting. Following meiotic segregation heterozygous diploid RNR1/rnr1ΔCRT1/crt1Δ
RAD52/rad52Δmutants were dissected and the ability to maintain Y´ telomeres was analyzed

in the indicated spore colonies after one over-night incubation in liquid culture (30 genera-

tions–G). rnr1Δ crt1Δ rad52Δ mutants show a short telomere length phenotype that resembles

the one of rnr1Δ crt1Δmutants indicating that Rad52-dependent HDR does neither contribute

to the telomere maintenance nor to the telomere shortening of rnr1Δ crt1Δmutants. Repre-

sented are biological replicates of the indicated strains. D) Telomere length analysis by South-

ern blotting. The deletion of RAD52does not exacerbate the short telomere phenotype of

rnr1Δ crt1Δmutants. Represented are biological replicates of the indicated strains after at least

200 generations.

(TIF)

S2 Fig. The deletion of CRT1 suppresses the lethality of mec1Δ to a similar extent than a

deletion of SML1. A) Tetrad analysis of spores derived fromMEC1/mec1Δ SML1/sml1Δ
RNR1/rnr1ΔCRT1/crt1Δ heterozygote diploids. The genotypes of spore colonies were deter-

mined by replica plating on selective plates. The genotypes of dead spores were deduced from

the genotypes of viable spores that derived from the same tetrad. All combinations between

mec1Δ and rnr1Δ result in synthetic lethality (even in the absence of Sml1 and/or Crt1). A dele-

tion of CRT1 suppresses the lethality ofmec1Δ similar to a deletion of SML1. Eight tetrads (1–

8) have been analyzed by dissection. B) Telomere length has been analyzed as a function of cel-

lular dGTP levels and dNTP levels. R-square tests have been performed to investigate the

goodness of fit. n(dNTPs/length): wt (9/3), rnr1Δ (3/2), crt1Δ (2/2), rnr1Δ crt1Δ (3/3), sml1Δ
crt1Δ (2/1),mec1Δ sml1Δ (2/3),mec1Δ crt1Δ (2/3),mec1Δ sml1Δ crt1Δ (2/3).

(TIF)

S3 Fig. Replicative senescence is accelerated in the absence of Rnr1. A) Senescence curves

reflecting the cell density reached after 24 hours of growth as a function of divisions. Single

curves for rnr1Δ crt1Δ est2Δ and crt1Δ est2Δ mutants shown in Fig 3B. Two out of five biologi-

cal replicates of rnr1Δ crt1Δ est2Δ were forming survivors already in the first re-dilution and

therefore were not used to generate the average curve displayed in Fig 3B. The number of cell

divisions the spore colony went through before the first dilution was estimated as 25 genera-

tions (starting point of the curves). B) Senescence curves were performed as described in Fig

3A. Telomerase positive rnr1Δ crt1Δ, crt1Δ and wild type cells did not show a loss of viability

in serial dilutions. The number of cell divisions the spore colony went through before the first

dilution has been estimated as 25 generations (starting point of the curves). Data is shown as

mean +/- SEM (n = 3).

(TIF)

S4 Fig. In the absence of Rnr1 and Crt1 telomeres do not become elongated when long

TLM genes are deleted. Telomere length analysis by Southern blotting of the long tlmmutants

ogg1Δ, ppe1Δ and hsp104Δ. Mutation of these genes cause telomere elongation when intro-

duced in wild type cells but do not affect the short telomere length of rnr1Δ crt1Δ double

mutants. Represented are biological replicates of the indicated strains after approximately 200

generations.

(TIF)

S5 Fig. Telomere elongation in long-tlm mutants is promoted by Rnr1 upregulation

through the checkpoint kinase Dun1. A) Telomere length analysis by Southern blotting.

Deletion of the long TLM genesMAK31,OGG1 and HSP104 cause telomere elongation when

introduced in a wild type or elg1Δ background. Deletion of these genes in Δdun1mutants
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results in loss (MAK31) or reduction (OGG1,HSP104) of telomere elongation. Represented are

biological replicates of the indicated strains after approximately 200 generations. B) Telomere

length analysis by Southern blotting of cells expressing Cdc13-Est1 and Cdc13-Est2. Expres-

sion of the fusion proteins results in telomere elongation in dun1Δ crt1Δmutants. Represented

are biological replicates of the indicated strains after approximately 200 generations.

(TIF)

S1 Table. Yeast strains used in this study. All strains were derived from the BY4741/2 (MAT
a/alpha his3Δ0 leu2Δ0 ura3Δ0) background.

(PDF)

S2 Table. Oligonucleotides used in this study.

(TIF)

S3 Table. Plasmids used in this study.

(TIF)

S4 Table. Raw data–Telomere length–dNTPs.

(TIF)
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