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ABSTRACT

Telomere homeostasis is controlled by both telom-
erase machinery and end protection. Telomere
shortening induces DNA damage sensing kinases
ATM/ATR for telomerase recruitment. Yet, whether
telomere shortening also governs end protection
is poorly understood. Here we discover that yeast
ATM/ATR controls end protection. Rap1 is phos-
phorylated by Tel1 and Mec1 kinases at serine 731,
and this regulation is stimulated by DNA damage
and telomere shortening. Compromised Rap1 phos-
phorylation hampers the interaction between Rap1
and its interacting partner Rif1, which thereby dis-
turbs the end protection. As expected, reduction of
Rap1-Rif1 association impairs telomere length regu-
lation and increases telomere-telomere recombina-
tion. These results indicate that ATM/ATR DNA dam-
age checkpoint signal contributes to telomere pro-
tection by strengthening the Rap1-Rif1 interaction
at short telomeres, and the checkpoint signal over-
sees both telomerase recruitment and end capping
pathways to maintain telomere homeostasis.

INTRODUCTION

McClintock and Muller first speculated that the ends of
chromosomes might play some protective roles (1,2), and
without such protection, chromosome ends are recognized
as DNA double-strand breaks (DSBs), resulting in detri-
mental chromosome rearrangements, genomic instability
and the associated risk of cancer (3-8). Telomeres are dy-
namic DNA-protein complexes that protect the ends of lin-
ear chromosomes, which are composed of tandem repeats
of short G-rich sequences and synthesized by the enzyme
telomerase (9,10). The catalytic core of telomerase is com-

posed of a reverse transcriptase and an RNA subunit. The
reverse transcriptase utilizes the RNA subunit as a template
to add the G-rich repeats onto the 3’ ends of the telomere
(9-11).

Hayflick observed a cellular senescence phenomenon
(12,13), which was explained by the end-replication prob-
lem. Most human somatic cells are devoid of telomerase ac-
tivity and suffer replicative senescence due to their gradually
shortened telomeres during consecutive cell divisions. When
telomeres become extremely short, they gradually lose the
ability to protect the ends of the chromosomes from be-
ing recognized as broken ends and being prone to nucle-
ase attacking and recombinational repair. Successive telom-
ere shortening in human fibroblasts results in chromosome
fusions, crisis, and apoptosis (14). Some human cells can
circumvent such complications either through telomerase
reactivation or an alternative recombination pathway for
telomere lengthening (15-17).

In budding yeast Saccharomyces cerevisiae, the double-
stranded telomeric TG)_; repeats are occupied by the DNA-
binding protein Rapl. Rapl is an essential protein that
functions as a general transcriptional activator at about
300 genomic loci and serves as a repressor at two HM
silent mating type loci and telomeres (18-20). At telom-
eres, Rapl plays a vital role in maintaining telomere home-
ostasis by counting telomere length, inhibiting telomere re-
section, protecting telomere from telomere—telomere fusion
and sheltering telomere from unregulated activation of the
DNA damage checkpoint (7).

Several domains of Rapl have been characterized, in-
cluding the N-terminal BRCT domain, a central DNA-
binding (DBD) domain with two Myb-like folds, a tran-
scriptional activation (TA) domain, and the C-terminal
protein—protein interaction (RCT) domain (21). The telom-
eric protective function of Rapl is largely contributed by its
RCT domain, which recruits shelterin proteins Rifl/Rif2
(22-25) and gene silencing Sir3/Sir4 complex (26). Bud-
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ding yeast contains three protective telomere capping com-
plexes: Rapl-Rifl-Rif2, Yku70-Yku80 and the Cdcl3—
Stn-Tenl (CST) complexes. The CST complex binds 3’
single-stranded telomeric tails to prevent telomeric degra-
dation during S phase (27) and is required for both telomere
capping and telomerase recruitment (28-30). The Yku70-
Yku80 complex plays a central role in preventing telom-
eres from exonucleolytic attack in non-dividing cells (31).
The Rapl-Rifl-Rif2 complex builds a negative feedback
loop (protein counting model) that controls telomerase
action through the amount of bounded Rapl-Rif1-Rif2
complex to negatively regulate telomere length (25,32,33),
but the molecular details of this feedback mechanism are
not entirely understood. Rifl and Rif2 execute nonover-
lapping roles in masking telomeric ends and preventing
G2/M checkpoint activation (34,35). They limit end re-
section through distinct mechanisms (31,36). Rif2 prevents
telomere fusions and the association of Tell /MR X complex
to telomeres (36-38). On the other hand, Rapl and Rifl
serve as the central mediator to maintain telomere length
homeostasis (39,40). Rifl becomes essential for cell viabil-
ity when CST activity is compromised (41). These data in-
dicate that Rifl and Rif2 participate in distinct regulatory
mechanisms.

Telomere healing assay revealed that DNA breaks oc-
curring adjacent to long or short telomeric repeats induce
different initial responses (42). Long telomeric tracts re-
cruit less Mrell, Cdcl3 and telomerase and this bind-
ing suppression requires Rapl. Conversely, short telom-
eres induce rapid Tell- (43-46) and telomerase-dependent
(47,48) elongation. Telomere length homeostasis is con-
trolled by the balance between telomerase-mediated elonga-
tion and telomere capping, but the linkage between them is
still not fully understood. Recent studies demonstrated that
the Tell-mediated phosphorylation of single-stranded cap-
ping protein Cdcl13 is important for telomerase recruitment
through strengthening the Cdc13-Estl interaction (49-51).
We were interested in whether phosphorylation of double-
stranded capping protein Rapl also plays a role in main-
taining telomere length homeostasis. Here, we found that
impairment of Rapl S731 phosphorylation leads to telom-
ere lengthening. Both DNA damage and telomere shorten-
ing boost the Tell /Mecl-mediated Rapl S731 phosphory-
lation. The phosphomimetic S731D mutation strengthens
its interaction with Rifl, but not with Rif2 and silencing
factor Sir3 and increases the Rif1 occupancy on telomeres.
Interestingly, while both Cdc13 and Rapl are phosphory-
lated by Tell /Mecl, the telomere lengthening phenotype
of Rapl dephosphorylation is compromised by deprivation
of the telomerase recruitment function of Cdc13 phospho-
rylation, suggesting that Rapl phosphorylation-mediated
telomere lengthening is still telomerase-dependent. All
these findings provide Tell /Mecl a central role to coordi-
nately modify two telomeric binding proteins to control end
capping, telomerase recruitment and telomere length home-
ostasis.
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MATERIALS AND METHODS
Strains and plasmids

All yeast manipulations were conducted by standard meth-
ods (52). Strains and plasmids used in this study are listed
in Supplementary Tables S2 and 3. The yeast strains car-
rying yku80, tlcl, mecl smll, tell mecl smll, rifl, rif2,
rif1 rif2, cdc13-S314A4, Rapl-HA; and Rap1-Myc,; are iso-
genic to YPH499 (MATa ura3-52 lys2-801_amber ade2—
101 _ochre trpl-A63 his3-A200 leu2-Al). The tell and pifi-
m2 mutants are isogenic to YPHS500 (MATo wura3-52
lys2-801_amber ade2—-101_ochre trpl-A63 his3-A200 leu2-
Al). MS179, MS206 (gifts from Dr Virginia Zakian)
and Sir3-HA; are isogenic to W303 (MATa leu2-3,112
trpl—1 canl-100 ura3—1 ade2—1 his3—11,15). UCC3505,
UCC3515 and UCC4564 silencing reporter strains were
kindly proved by Dr Daniel. E. Gottschling. pPRS306RA P!
was constructed by polymerase chain reaction (PCR) am-
plifying a DNA fragment containing the full or partial
RAPI open reading frame and the downstream 300 nt
from S. cerevisiae genomic DNA and ligating into the
pRS306 vector. pRS304RAPI was constructed by PCR
amplifying a DNA fragment encoding residues 170-827
of Rapl and the downstream 300 nt from genomic DNA
and ligating into the pRS304 vector. pRS304-Rapl-AC
(672-827) was constructed by one-step site-directed dele-
tion mutagenesis PCR (53) using primer sets RAPI-
del2014-2481 and RAPI-del2014-2481 antisense to delete
the Rapl C-terminal (RCT) 672-827 amino acid region
on pRS304RAPI. All point mutations were introduced
into RAPI using QuickChange site-directed mutagenesis
(Stratagene). To generate rapl! mutants, the pRS306rapl
point-mutation plasmids were linearized by Blpl or Sphl
(New England Biolabs) and transformed into yeast cells.
The URA3 pop-out mutants were selected from the 5-
fluoroorotic acid (5-FOA) resistant transformants. The rap!
mutations were confirmed by PCR and sequencing. To gen-
erate strains for testing silencing effects, the pRS304RAPI
and pRS304-Rapl-AC (672-827) were linearized by Blpl
and transformed into UCC3505, UCC3515 and UCC4564
reporter cells. These mutants were selected from the syn-
thetic complete plates without tryptophan (SC-Trp) and
further confirmed by PCR and sequencing. The Rapl-HA;
and Rapl-Myc;; strains were constructed by transform-
ing the RAPI-HAj3::KanM X6, RAPI-Myc3.:TRPI and
RAPI-Mycy3::KanM X6 PCR fragments, respectively, and
selected. The Sir3-HAj strain was constructed by trans-
forming the SIR3-HA;.: HIS3 PCR fragments and selected.
The yku80:: HIS3 and sir3:: HIS3 mutants were constructed
by transforming yku80.: HIS3 and sir3:: HIS3 PCR frag-
ments, respectively, and selected. Plasmid pGEX-4T-Rif1
(1709-1916) was constructed by ligating PCR products
containing amino acids 1709-1916 of Rifl into EcoRI-
and Xhol-digested pGEX-4T-1. pGEX-4T-Rif2 (1-395)
was constructed by ligating PCR products containing full-
length Rif2 into EcoRI- and Xhol-digested pGEX-4T-
1. pGEX-4T-Rapl (353-827) was constructed by ligating
PCR products containing amino acids 353-827 of Rapl
into EcoRI- and Xhol-digested pGEX-4T-1. pGEX-4T-
Rapl (716-746) was constructed by ligating PCR products



8316 Nucleic Acids Research, 2017, Vol. 45, No. 14

containing amino acids 716-746 of Rap1 into BamHI- and
Xhol-digested pGEX-4T-1. To generate YEpFAT7-SIR3-
HA;, PCR products containing S/R3 open reading frame
and HA; tag were amplified from the Sir3-HAj strain and
subcloned into pGEM-T easy (Promega). The SIR3-HA;
fragments were then obtained by NotI digestion and further
ligated into the YEpFAT?7 vector. All primer sequences for
PCR and mutagenesis are provided in Supplementary Table
S4.

Southern blot analysis of telomere length

Individual colonies were inoculated into 2 ml yeast extract
peptone adenine dextrose (YPAD) medium at 30°C. Spore
colonies from tetrad plates were serially restreaked onto
YPAD plates. Genomic DNAs were digested with Kpnl
(New England Biolabs) and separated by 1% agarose gel
electrophoresis and transferred to Genescreen Plus mem-
brane (PerkinElmer). The blot was probed by a 550-bp 3*P-
labeled (Invitrogen) EcoRI fragment of the TG, 3 sequence.
For survivor type analysis, individual colonies from dis-
sected spores were repeatedly restreaked on YPAD plates at
30°C. The genomic DNAs of survivors were digested with a
mixture of four-base cutters (Alul, Haelll, Hinfl and Mspl)
or Xhol. The telomere length images were quantified and
analyzed by ImageQuant TL software (GE healthcare).

Telomeric and mating-type locus silencing assays

Silencing at telomeres was assayed in UCC3505 strain,
which harbors a URA3 reporter cassette at VII-L subtelom-
eric region (54). Silencing at the HML and HM R mating-
type loci were determined in UCC3515 and UCC4564
stains, containing a URA3 reporter cassette in HML and
HMR loci, respectively (55). To create the Rapl point mu-
tations, the pRS304rapl mutants were Blpl-digested and
transformed into the reporter strains. Cells from overnight
culture were spotted in 10-fold serial dilutions (starting with
107 cells) on YPAD, the synthetic complete medium lack-
ing uracil (SC-Ura) and synthetic complete medium with
5-FOA (SC 5-FOA) plates. Expression of URA3 was exam-
ined on plates containing 5-FOA, which is lethal to cells ex-
pressing URA3 (inability of growth indicates a loss of silenc-
ing).

Immunoprecipitation, generation of phospho-specific anti-
bodies and N\ phosphatase assays

Cells were grown at 30°C in YPAD medium to log
phase. Cell lysates were prepared in lysis buffer (140 mM
NaCl, 50 mM HEPES-KOH, pH 7.5, 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 1 mM EGTA, 1% Non-
idet P-40, 0.1% deoxycholate, 2 mM imidazole, 2 mM
sodium orthovanadate, 100 mM sodium fluoride, 60 mM
B-glycerophosphate, 30 mM sodium pyrophosphate and
Roche protease inhibitors cocktail). Rapl-Myc;; was im-
munoprecipitated by 2 pg anti-Myc monoclonal antibodies
(9E10, Roche) and coupled with Pierce Protein G agarose
beads (ThermoFisher) at 4°C for 2 h. The beads were
washed three times with lysis buffer and boiled in Laemmli
sample buffer for 5 min. Proteins were resolved by 7%

sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE). Rapl-Myc;; was detected by the anti-
Myc monoclonal antibody (9E10, Roche). Affinity-purified
rabbit anti-Rapl pS731 phospho-specific antibodies, in-
house customized via GeneTex, were raised against CEVIS-
GDYEPpSQAEK phosphopeptides to detect phosphory-
lation of Rapl S731. A cysteine residue was added to the
N-terminus to facilitate conjugation with a carrier protein
for greater immunogenicity. The specificity of antibodies
was verified by peptide dot blot analysis and A phosphatase
assay (Supplementary Figure S1). For N\ phosphatase as-
say, immunoprecipitated Rapl-Myc3 was incubated with
N\ phosphatase (New England Biolabs) at 30°C for 30 min
and further examined by western blotting.

Dot blot assay

Dot blot assay was conducted as previously described (56).
A quantity of 50, 5 or 0.5 ng of the phosphorylated or
unphosphorylated peptides was spotted onto nitrocellulose
membranes and probed with the anti-Rap1 pS731 phospho-
specific antibody.

Cell cycle analysis

Overnight culture was refreshed to log phase in YPAD
medium at 30°C. Cells were arrested at G1 by « factor for 2
h at 30°C, and released into cell cycle at 24°C. Samples were
collected at 20-min intervals and processed for fluorescence-
activated cell sorting and western blot analysis.

Co-immunoprecipitation (Co-1P)

YEpFAT7 and YEpFAT7-SIR3-HA; was transformed into
303-1A and sir3 mutant cells, respectively. Cells were grown
at 30°C in SC-Ura medium. Log phase cell lysates prepared
in lysis buffer (50 mM NaCl, 50 mM HEPES-KOH, pH 7.5,
1 mM EDTA, 10% glycerol, 0.1% Nonidet P-40 and Roche
protease inhibitors cocktail) were immunoprecipitated with
3 pg anti-Rapl polyclonal antibody (sc6662, Santa Cruz
Biotechnology) coupled to Pierce Protein G agarose beads
(ThermoFisher) at 4°C for 3 h. The beads were washed three
times with lysis buffer and boiled in Laemmli sample buffer
for 5 min. Proteins were resolved by 10% SDS-PAGE. En-
dogenous Rapl and overexpressed Sir3-HAj proteins were
detected by the anti-Rapl polyclonal antibody (sc6662,
Santa Cruz Biotechnology) and anti-HA monoclonal an-
tibody (12CAS5, Roche), respectively.

Pull-down assay

GST, GST-Rifl (1709-1916) or GST-Rif2 (1-395) proteins
were prepared from E. coli BL21 (DE3) pLys (Invitro-
gen) carrying pGEX-4T-1, pGEX-4T-Rif1 (1709-1916) or
pGEX-4T-Rif2 (1-395), respectively. After induction with
1 mM IPTG for 3 h at 30°C, GST proteins were purified by
glutathione sepharose beads according to the instructions
of the manufacturer (GE Healthcare). Log phase cells were
lysed in pulldown buffer (100 mM NaCl, 20 mM Tris, pH
8.0,1mM EDTA, I mM DTT, 1 mM PMSE, 0.5% Triton X-
100 and Roche protease inhibitor cocktail). Aliquots of glu-
tathione sepharose beads coupled with purified GST, GST-
Rifl (amino acids 1709-1916) or GST-Rif2 (amino acids



1-395) were incubated with the yeast lysates at 4°C for 3 h.
The beads were washed three times with pulldown buffer.
Bound proteins were released by boiling in Laemmli sam-
ple buffer and analyzed by immunoblotting.

Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation (ChIP) analysis was per-
formed as described (35,57). In brief, cells were harvested
at log phase and crosslinked in 1% formaldehyde at room
temperature for 15 min, followed by adding final 125
mM glycine to quench the formaldehyde. Cell pellets were
washed twice with ice-cold HBS buffer (50 mM HEPES-
KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, pH 8.0)
and stored at —80°C. The anti-Myc monoclonal (9E10,
Roche) antibody, anti-Rapl polyclonal antibody (sc6662,
Santa Cruz Biotechnology) and anti-HA monoclonal anti-
body (12CAS5, Roche) were utilized. The anti-normal mouse
IgG (5¢2025, Santa Cruz Biotechnology) and anti-normal
goat IgG (sc2028, Santa Cruz Biotechnology) were served
asnegative controls. For all ChIP experiments, samples were
amplified in duplicate to obtain an average value for each
sample. Primers used in this study are listed in Supple-
mentary Table S4. The amount of DNA in ChIP and in-
put samples was quantitated using real-time PCR (BioRad
CFX Connect). All real-time experiments were conducted
according to MIQE Guidelines (58) and checklist (Supple-
mentary Table S5). Each real-time PCR reaction (20 wl)
contained sample DNA, 1 x KAPA SYBR® FAST qPCR
Master Mix (KAPA BIOSYSTEMS) and 0.2 pM primers.
PCR amplification was performed at 95°C 3 min, then 40
cycles of 95°C 3 s, 55°C 1 min, followed by melt curve 65—
95°C (increment 0.5°C per 5 s). The data were analyzed by
Bio-Rad CFX Manager 3.1 software (Bio-Rad) and pre-
sented as fold enrichment of telomeric sequence over the
non-telomeric 4RO sequence in the same samples. Data
were shown as the mean plus or minus one standard devi-
ation (error bars). A two-tailed Student’s 7-test was used to
determine statistical significance.

In vitro kinase assay

In vitro kinase assay was conducted as previously described
(59). Recombinant GST-Rapl (amino acids 716-746) and
GST-Rap1-S731A (amino acids 716-746) substrates were
purified from E. coli BL21 (DE3) pLys (Invitrogen). Mycs-
Mecl and the kinase dead Myc g-Mecl1¥P were purified
from strains LSS90 and LSS93, kindly provided by Dr
Akira Matsuura. Tell-HA and the kinase dead Tel1XP-HA
were purified from strains CWY 148 and CWY 150, carrying
plasmid pKRS (TELI-HA) and pJM8 (tell-HA(KD)), re-
spectively. The plasmids pKR5 and pJMS were kindly pro-
vided by Dr Thomas D. Petes.

In brief, protein extracts were prepared by lysis buffer (50
mM HEPES-KOH, pH 7.5, 100 mM KCI, 0.1 mM EDTA,
0.2% Tween 20, 1 mM DTT, 200 uM B-glycerophosphate,
200 pM sodium orthovanadate, 40 wM sodium fluoride, 1
mM PMSF and Roche protease inhibitors cocktail). Cell
lysates were incubated at 4°C for 2 h with Pierce Protein G
agarose beads (ThermoFisher) and 2 g anti-Myc mono-
clonal (9E10, Roche) or 3 wg anti-HA monoclonal antibody
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(12CA5, Roche). The beads were washed twice with 0.5 M
LiCl, three times with lysis buffer, and once with kinase
buffer (20 mM HEPES-KOH, pH 7.5, 4 mM MgCl,, 4 mM
MnCl,), and separated into equal portions for immunoblot-
ting and kinase reaction. The kinase reactions were started
in 25 ul of kinase buffer by addition of the buffer to the
final of 20 uM ATP, 10 wCi [y->P]JATP and 4 p.g recombi-
nant GST-Rapl proteins, and incubated at 30°C for 30 min.
The reaction was stopped by addition of 5x sample buffer
and the eluted proteins were analyzed by 12% SDS-PAGE.
The gels were stained with Coomassiae blue and dried for
autoradiography.

Electrophoretic mobility shift assay (EMSA)

pGEX-4T-Rapl (353-827) was transformed into E. coli
BL21 (DE3) pLys (Invitrogen) to express a GST-Rapl fu-
sion protein with 1 mM IPTG at 16°C overnight induc-
tion. Electrophoretic mobility shift assay (EMSA) was per-
formed as described (60). In brief, an aliquot of 4 pmol *>P-
labeled double-stranded synthetic oligonucleotides (Scer19:
S-TGTGGTGTGTGGGTGTGTG-3', which contains the
wild-type telomere sequence) was mixed in binding buffer
(20 mM Tris, pH 7.5, 75 mM KCI, 5 mM MgCl,, 0.5 M
EDTA, 1 mM DTT) with 2 wg non-specific competitor
poly(dI-dC). An aliquot of the GST-Rapl fusion protein
was added to react at 25°C for 15 min and analyzed by 6%
non-denaturing polyacrylamide gels.

Yeast two-hybrid assay

The yeast two-hybrid assay was conducted as described
(61). The L40 reporter strain (Invitrogen) was used for
the studies. Point mutations were introduced into RAPI
using QuickChange site-directed mutagenesis (Stratagene).
LexA, LexA/Rapl (679-827), LexA/Rapl-S731A (679—
827)and LexA/Rapl1-S731D 679-827) were expressed from
pBTM116 and pBTM116-derived plasmids. GAD-fusion
proteins were expressed from pACT2 and pACT2-derived
plasmids. LexA, LexA/Rapl (679-827), GAD/Rif1 (1614—
1916), GAD/Rif2 (14-395) and GAD-Sir3 (356-978) were
kindly provided by Dr Elizabeth A. Feeser. The interac-
tions among proteins were quantitated by the yeast B-
galactosidase assay (56,62). In each assay, a minimum of
four independent colonies of each mutant were analyzed
and a two-tailed Student’s z-test was used to determine sta-
tistical significance.

Amplification of the telomere—telomere fusions by PCR

The single individual colony was inoculated in the YEPD
and grown at 30°C for 6 days to reach saturation. Ge-
nomic DNAs were extracted with phenol-chloroform, pre-
cipitated with ethanol and resuspended in ddH,O. Fusion
PCR procedure and PCR primers between X and Y’ telom-
eres were performed as previously described (63). In brief,
a PCR reaction (30 wl) contained ~10 ng genomic DNA,
1x HF Phusion reaction buffer, 200 uM each dNTP, 0.5
M primers and 2 units of DNA Phusion polymerase. PCR
amplification was performed at 98°C 30 s, then 26 or 34
cycles of 98°C 10 s, 65°C 20 s, 72°C 1 min, followed by
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72°C 5 min. The PCR products (10 wl) were separated on
1% Tris/Borate/EDTA (TBE) gel containing 0.1% GelRed.
The rapl-( A) mutant was used as a positive control.

Statistical analysis

All of the continuous variables are expressed as the mean +
standard deviation (s.d.). Differences between groups were
tested using two-tailed Student’s #-test. The P-values < 0.05
was considered as statistically significant.

RESULTS

Phosphorylation of Rapl serine 731 regulates telomere
length, but not silencing effect

To understand whether cells control telomere homeosta-
sis through Rapl modification, chromosomally-tagged
Rapl was subjected to immunoprecipitation and liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
analyses to detect potential phosphorylation sites. Addi-
tionally, global analyses of all yeast phosphorylation at-
las have previously identified several Rapl phosphorylation
sites (Figure 1A and Table 1). To examine the functions of
these phosphorylations, we clustered these fourteen phos-
phorylation sites into six known domains (regions) accord-
ing to their distributions on Rapl: BRCT (S142), Linker
(S237, S261, T262, S288, S289 and S342), Mybl (T364),
Myb2 (S479, T486 and S594), TA (S658 and S660) and RCT
(S731) domains. We first mutated these sites in the YPH499
strain from serine or threonine to alanine that mimics non-
phosphorylation and serine or threonine to aspartic acid or
glutamic acid that mimics phosphorylation. As shown in
Figure 1B, none of the mutants at BRCT, Linker, Myb2 and
TA domains exhibited apparent telomere length variations.
Strangely, both rap1-T364A4 and rap1-T364FE cells displayed
telomere lengthening (Figure 1B). Since threonine 364 is lo-
cated on the DNA binding domain of Rapl, we speculated
that the amino acid substitutions might change the binding
ability of Rapl and further alter the telomere length home-
ostasis. Interestingly, the telomeres in rapl-S731 A cells were
slightly longer than those in wild-type (WT) cells, while the
telomeres in rap1-S731D cells were shorter (Figure 1B). To
exclude the possibility of a strain-specific effect, we also ex-
amined telomere length in the rap/ mutants in the W303—
1A strain. The telomere lengthening and shortening phe-
notypes were also observed in the rap-S731 mutants in the
W303-1A background (Supplementary Figure S1), demon-
strating that S731 phosphorylation-mediated telomere reg-
ulation is not a strain-specific phenotype.

The silent information regulator proteins Sir2-4 govern
silencing at mating type loci and telomeres (64,65). Loss of
the C-terminus of Rapl reduces the telomere position ef-
fect at telomeres (20). To test whether S731 phosphoryla-
tion plays a role in telomere silencing, a mutation of S731
was introduced into the strains containing a URA3 reporter
at either telomeric, HMR or HML loci. None of these S731
mutations moderated the silencing effect (Figure 1C). The
isogenic sir3 mutant, which displayed increased growth on
SC-Ura and repressed growth on 5-FOA plates, was used
as a positive control. Deletion of the C-terminal 672-827

amino acids of Rapl (rapl-AC) elongated telomeres (Fig-
ure 1B) and reduced the telomeric silencing effect (Figure
1C).

Telomere shortening stimulates Tell and Mecl to directly
phosphorylate Rap1 S731

To ask whether Rapl serine 731 is indeed phosphorylated in
vivo, we generated an S731 phospho-specific antibody (Sup-
plementary Figure S2A and B). Previous large-scale phos-
phoproteomic studies indicated that phosphorylation of
Rapl S731 may be induced upon methyl methanesulfonate
(MMS) treatment (66). Therefore, we asked whether DNA
damage could boost S731 phosphorylation. As shown in
Figure 2A, an enhancement of phosphorylation on Rapl
S731 was observed under bleomycin or MMS treatment.
Previous studies revealed that short telomeres exert simi-
lar biological and mechanistic traits of DNA damages (67—
71). To characterize whether telomere shortening enhances
the phosphorylation level of Rapl, S731 phosphorylation
was detected in yku80 cells and in senescing t/c1 cells (about
75 population doublings after sporulation), which contain
shortened and continuously shortening telomeres, respec-
tively. The phosphorylation levels of Rapl S731 were aug-
mented in both strains (Figure 2B), suggesting that DNA
damage and telomere shortening stimulate S731 phospho-
rylation. We then asked whether telomere lengthening could
repress phosphorylation of Rapl S731. Pifl helicase is re-
sponsible for inhibiting both telomerase-mediated telomere
elongation (72-74) and de novo telomere addition at dou-
ble strand breaks (74). The pifi-m2 cells show defects in
telomere maintenance and have lengthened telomeres (74).
Aurora kinase-mediated Cdc13 S314 phosphorylation helps
telomerase removal through alleviation of the Est1-7TLC/
interaction at the M phase, and blunting this phosphory-
lation causes telomere lengthening (49,50). The telomere
lengthening was detected in pifi-m2 and cdcl3-S3144 mu-
tants (Supplementary Figure S3). Interestingly, both pifi-
m2 and cdcl3-S314A cells displayed reduced phosphoryla-
tion of Rapl (Figure 2C). Thus, the phosphorylation level
of Rapl S731 is associated with the length of telomeres.
We next examined which kinase is responsible for the
phosphorylation of Rapl. Bioinformatic analysis identified
that S731 fits into a putative consensus sequence (SQ/TQ
motif) of ATM/ATR family kinase substrates (Table 1). In
budding yeast, TELI and MECI are homologous to the hu-
man ATM and ATR, respectively (75). Tell and Mecl play
functionally redundant roles in regulating checkpoint and
telomere length (76,77). Tell preferentially associated with
short telomere to promote telomere addition (44-46,48,78).
Phosphorylation of Rapl S731 was significantly reduced
only in the tell mecl double mutants, indicating that both
Tell and Mecl are redundantly responsive for phosphory-
lating S731 (Figure 2D). To determine whether Tell and
Mecl can directly phosphorylate Rapl, IP-kinase assay
was conducted using immunoprecipitated Tell or Mecl ki-
nases and recombinant Rapl substrates. As shown in Fig-
ure 2E, Tell and Mecl both phosphorylated recombinant
Rapl, but not Rapl-S731A, in vitro. These data indicate
that telomere length shortening triggers Tell /Mecl to di-
rectly phosphorylate Rapl. To identify at which cell cycle
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Figure 1. Phosphorylation of Rapl serine 731 modulates telomere length regulation. (A) Schematic diagram of Rapl illustrates its domain structure and
putative phosphorylation sites. The BRCT, linker, DNA-binding (Mybl and Myb2), transactivation (TA) and regulatory C-terminal (RCT) domains are
indicated. (B) Telomere analysis of rapl mutants in YPH499 background. Genomic DNA from each colony was digested with Kpnl, separated in a 1%
agarose gel, transferred to a nylon membrane and hybridized with a TG_3 probe. The maximum integrity of the autoradiographic signal was determined
by ImageQuant software and is indicated as a white line (7 = 2). (C) Deficiency of Rapl S731 phosphorylation does not attenuate telomere position effect
and mating type locus silencing. Mutation of R4 P S731 was introduced into the URA3 reporter strains, UCC3505 (telomeric silencing), UCC3515 (HML
silencing) and UCC4564 (HMR silencing). 10-fold serial dilution of cells was spotted onto YPAD, SC Ura™ and SC 5-FOA plates. Inability to grow on
5-FOA plates indicates a loss of silencing effect. The isogenic rapl-AC and sir3 mutants were used as controls (n = 2).

Table 1. Putative phosphorylation sites of Rapl

Phosphorylation site Sequence (N'—C’) Predicted Kinase? Score? References
S142 139 AHDSLND Cakl, 2 group 0.09 (89)

S237 234 NSNSDNK Skyl 0.14 (89)

S261 258 TEDSTSE Rad53 0.09 (89)

T262 259 EDSTSEK Pho85, Cdc28 group 0.13 (89)

S288 285 QHVSSTA Gen2 0.12 (90)

S289 286 HVSSTAS Riml15 0.14 (90)

S342 339 GNASFQA Kin3 0.08 (89)

T364 361 ASFTDEE Cakl, 2 group 0.24 This study
S479 476 TGRSLIT Atgl 0.14 1)

T486 483 DEDTPTA Pho85, Cdc28 group 0.15 This Study, (66,90,92)
S594 591 NYNSAAK Pho85, Cdc28 group 0.17 (89)

S658 655 SNISNSL Riml15 0.12 (93)

S660 657 ISNSLPF Skyl 0.15 (66)

S731 728 YEPSQAE Mecl, Tell 0.38,0.28 (66)

2Kinases were predicted and scored by NetPhorest 2.0 (http://www.netphorest.info/) (94).
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Figure 2. Tell /Mecl-mediated Rapl phosphorylation on S731 is associated with telomere length variation. (A) DNA damage increases Rap1-S731 phos-
phorylation. Log phase cells were grown at 30°C in YPAD containing 50 mU/ml bleomycin or 0.05% Methyl methanesulfonate (MMS) for 3 h. Endogenous
Rapl-Mycy3 proteins were immunoprecipitated and analyzed by western blotting. The Rapl pS731 phospho-specific antibody detected the Rap1-S731
phosphorylation upon bleomycin and MMS treatment in WT. The levels of signal compared with that of the WT were shown below and expressed as the
mean =+ s.d. (n = 3). The total Rap1 protein level was detected by the anti-Myc antibodies. (B) Telomere shortening increases Rap1-S731 phosphorylation.
Rapl S731 phosphorylation was examined for the individual colony from dissected z/c] spore, which had senesced for about 75 generations (population
doubling, PD75) and the yku80 spores. Endogenous Rap1-Myc,3 proteins were immunoprecipitated and analyzed by western blotting as in (A). The levels
of signal compared with that of the WT were shown below and expressed as the mean =+ s.d. (n = 3). (C) Telomere lengthening decreases Rapl S731 phos-
phorylation. The pifl-m2 and cdc13-S3144 mutants showed the declined level of Rap1-S731 phosphorylation compared with that of the WT. Endogenous
Rap1-Myc3 proteins were immunoprecipitated and analyzed by western blotting as in (A). The levels of signal compared with that of the WT were shown
below and expressed as the mean + s.d. (n = 3). (D) Rapl S731 phosphorylation in vivo is Tell- and Mecl-dependent. The Rapl S731 phosphorylation
levels were decreased in tell mecl double mutants. Endogenous Rap1-Myc3 proteins were immunoprecipitated and analyzed by western blotting as in (A).
The levels of signal compared with that of the WT were shown below and expressed as the mean + s.d. (n = 3). (E) Tell and Mecl phosphorylate Rapl
S731 in vitro. Left panel, in vitro Tell kinase assay was conducted using immunoprecipitants of HA-tagged Tell or kinase-dead mutant on recombinant
GST-Rapl (716-746) or GST-Rap1-S731A (716-746) substrates. Samples were loaded onto the 12% SDS-PAGE, and the phosphorylated proteins were
detected by autoradiography (shown at the top, n = 3). The same gel was subsequently stained with Coomassie blue to confirm that all proteins were equally
loaded (shown at the middle). The Tell kinases were resolved by 5% SDS-PAGE and western blotted with anti-HA antibodies (shown at the bottom, n =
3). Right panel, in vitro Mecl kinase assay was performed as the left panel using Mycg-tagged Mecl or kinase-dead mutants as kinases (n = 3). The Mecl
kinases were resolved by 5% SDS-PAGE and western blotted with anti-Myc antibodies (shown at the bottom, n = 3). The levels of signal compared with
that of the WT were shown below and expressed as the mean =+ s.d.

stage Rapl is phosphorylated, WT cells were synchronized
with a factor and released. The phosphorylation of Rapl
S731 was observed throughout the cell cycle without obvi-
ous perturbation (Supplementary Figure S4A and B), sug-
gesting that phosphorylation of Rapl S731 is not regulated
by cell cycle.

Phosphorylation of Rapl S731 promotes the interaction with
Rif1, but not Rif2

Given that S731 is located at the RCT domain, which is re-
sponsible for protein—protein interaction, we hypothesized
that the function of phosphorylation at S731 might alter the
interaction between Rapl and its interacting proteins. Pre-
vious studies demonstrated that Rifl and Rif2 are recruited
to telomeres through the RCT domain (22-25). The Rapl—



Rif1-Rif2 complex exerts a negative feedback mechanism
to repress telomere elongation (25,32,33). We examined the
telomere length in rif7, rif2 and rifl rif2 strains in combi-
nation with the rap/-S731 mutation. Southern blot analy-
sis showed that the telomere length in rap1-S731A rifl and
rap1-S731D rifl cells retained similar length comparing to
that of rifl mutation alone (Figure 3A). These results sug-
gest that Rifl may play a role in Rap1 S731-mediated telom-
ere regulation. However, mutation of rif] results in very
long telomeres that may mask the S731D phenotype (short-
ened telomeres). To differentiate between long telomeres
and Rifl-dependent effects, the rapl-S731D rifl cells were
backcrossed into a strain carrying only the rap1-S731D mu-
tation. Although the telomeres of mated rif7/RIFI hybrids
remained elongated initially at 25 PDs (Supplementary Fig-
ure S5B, labeled as the A strain), rapl-S731D/rapl-S731D
rif1/RIF1 cells displayed shorter telomeres (C strain). The
rapl-S731D/rap1-S731A rifl /RIFI (D strain) served as a
control. Interestingly, when these diploid cells were pas-
saged for additional generations, the telomere phenotypes
of S731A (elongated, B strain) and S731D (shortened, C
strain) were observed in the haploid cells (Supplementary
Figure S5C), suggesting that the reoccurrence of telomere
phenotype was due to recovery of the Rifl capping func-
tion. These genetic results indicate that Rifl participates
in the pathway of Rapl S731 phosphorylation to regulate
telomere length.

Conversely, the telomere length of rapl-S731A4 rif2 cells
remained longer than that of rif2 cells (Figure 3B). We did
not observe any noticeable telomere length variation be-
tween rapl-S731A rifl rif2 and rifl rif2 mutants (Figure
3C). The impaired S731 phosphorylation also did not per-
turb telomere length in isogenic yku80 strains (Supplemen-
tary Figure S6). Moreover, the total Rapl protein levels
in these strains were similar (Supplementary Figure S7TA-
C), indicating that loss of phosphorylation of S731 does
not change Rapl stability in rifl, rif2 and rifl rif2 cells.
These results demonstrate that Rif1 plays a key role in S731
phosphorylation-mediated telomere length regulation.

To dissect whether Rapl1-Rifl protein—protein interac-
tion is specifically influenced by the Rapl S731 phosphory-
lation, we first performed yeast two-hybrid assay to examine
the interactions of Rap1-Rifl and Rap1-Rif2. LexA /Rapl-
S731A fusion protein decreased 28% of its interaction with
Rif1, while LexA /Rap1-S731D increased 9% of the interac-
tion (Figure 4A). Both LexA /Rapl mutants did not exhibit
significant change on the interactions with Rif2 (Figure 4B).
To further confirm the yeast two-hybrid interaction data, we
purified GST-fused Rifl and Rif2 recombinant proteins to
pull-down the endogenous Rapl from yeast extracts. While
the GST alone could not pull-down any endogenous Rapl
(Figure 4C, top-right panel lane 1), mutation of S731 to A
decreased the interaction between Rapl and Rifl (Figure
4C, top-right panel lane 3), but a mutation to aspartic acid
(Figure 4C, top-right panel lane 4) enhanced the interac-
tion. Conversely, mutation of S731 to alanine or aspartic
acid did not change their interactions with Rif2 (Figure 4D,
top-right panel). These data indicate that phosphorylation
of S731 stimulates the interaction between Rap1l and Rifl.
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Rap1l S731 phosphorylation facilities the Rifl loading onto
telomeres

We next asked whether Rapl S731 phosphorylation could
alter the Rifl and Rif2 occupancy on telomeres. We mea-
sured the amounts of Mycy-tagged Rifl and Rif2 bound to
VI-R and XV-L telomeres in WT, rapl-S731A4 and rapl-
S731D cells by ChIP assay. The amounts of Rifl on VI-
R and XV-L telomeres were reduced in S731A4 cells (Fig-
ure 5A), whereas the loading of Rif2 on VI-R and XV-L
telomeres was unaffected by Rapl S731 mutations (Figure
5B). To dissect whether the reduction of Rifl was caused
by losing the phosphorylation of Rapl or by changing the
amounts of Rapl on telomeres, we performed Rapl ChIP
in WT, rapl-S731A4 and rap1-S731D cells. The ChIP data
indicate that the Rapl protein on VI-R and XV-L telom-
eres displayed similar amounts as those in WT, rapl-S731A4
and rap1-S731D cells (Figure 5C), suggesting that mutation
of S731 does not influence the Rapl occupancy on telom-
eres. Furthermore, EMSA confirmed that mutation of S731
did not change the Rap1 binding affinity to the telomere se-
quence (Supplementary Figure S8A—C). These data imply
that absence of Rapl S731 phosphorylation decreases Rifl
binding to telomeres, alleviates the telomere capping ability
and thereby extends the telomere length.

Rap1 S731 phosphorylation does not modulate the Sir3 oc-
cupancy on telomeres

Sir proteins compete with Rif proteins for binding to Rapl
(25,79). Moretti et al. previously demonstrated that Rifl
and Sir3 compete for binding to the carboxyl domain of
Rapl (26), and the Sir complex contributes to telomere
position effect (64). Our data revealed that Rifl binding
was affected by S731 mutation. Hence, we were interested
in whether S731 phosphorylation could also change the
Rapl1-Sir3 interaction. To examine this possibility, yeast
two-hybrid assay was performed between LexA/Rapl and
GAD/Sir3 fusion proteins. Mutation of S731 did not alter
the Rap1-Sir3 interaction (Supplementary Figure S9A). To
further confirm this finding, HA-tagged Sir3 was expressed
in sir3 mutant cells. Endogenous Rapl was precipitated by
anti-Rapl antibodies and co-precipitated Sir3-HA; was ex-
amined. Mutation of S731 to alanine did not enforce the
interaction between Rapl and Sir3 (Supplementary Fig-
ure S9B and C). Next, we used ChIP to examine whether
mutation of S731 on Rapl would promote Sir3 binding to
telomeres. As shown in Supplementary Figure S9D, Sir3 oc-
cupancies on VI-R and XV-L telomeres were maintained
at the similar level between WT and rap/-S731 mutants.
Taken together, our data suggest that S731 mutation does
not modulate the Rapl-Sir3 interaction and the silencing
function of Sir3 on telomere.

Rapl S731 phosphorylation inhibits type II telomere-
telomere recombination

The senescing telomerase-minus cells gradually lose the
viability, and a population of cells can abruptly bypass
the senescence and survive through recombination (80).
These cells elongate telomeres through either Y’-Y’ (type
I) or telomere-telomere (type II) recombination (81). To
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Figure 3. Telomere length variations of rap/-S731 mutants in the rifl, rif2 and rifl rif2 backgrounds. (A) Telomere analysis of WT, rapl-S731A4 and
rap1-S731D mutations in the rif] background (n = 2). (B) Telomere analysis of WT, rapl-S731A and rapi-S731D mutations in the rif2 background (n =
2). (C) Telomere analysis of WT, rap1-S731A4 and rap1-S731D mutations in the rif! rif2 background. The genomic DNA was processed and probed with

the same approach as described in Figure 1B (n = 2).

understand whether S731 phosphorylation participates in
telomere—telomere recombination in telomerase-minus #/c/
cells, we obtained individual tlcl, tlcl rapl-S731A and
tlcl rap1-S731D spores from heterozygous tlcl /TLCI rapl-
S7314/RAPI and tlcl/TLCI rapl-S731D/RAPI diploid
strains, respectively. These colonies were serially streaked
on solid YEPD plates and grown at 30°C. The telomeric
patterns of survivors were analyzed by Southern blotting.
Loss of S731 phosphorylation in #/c/ strains increased the
ratio of type II survivor formation (Supplementary Table
S1), which is similar to the percentage of type II survivors
in tlel rifl background (82). These results imply that the
Rapl S731 phosphorylation may contribute to the inhibi-
tion of type II telomere—telomere recombination pathway
in telomerase-deficient cells.

Rapl also plays a major role in blocking telomere—
telomere fusion through a cis-inhibition of non-
homologous end-joining (NHEJ) (83). Rapl inhibits
NHE]J through Rif2 and Sir4, but not Rif1 (38). To address
whether the S731 phosphorylation contributes to Rapl-
mediated suppression of end-to-end fusion, we detected the
telomeric fusions by PCR amplification. Specific primers
in X and Y’ elements were used to amplify the end-to-
end fusions (Supplementary Figure S10A) in stationary
phase cells. The rapl-(A) mutant served as a positive
control (63,83). As shown in Supplementary Figure S10B,

telomere—telomere fusions were not detected in rap/-S731 A4
and rapl-S731D cells, indicating that NHE] is still strongly
inhibited at telomeres in these cells (Stéphane Marcand’s
personal communication) as expected for mutations only
impacting on Rifl recruitment.

Rapl phosphorylation-mediated telomere length regulation
depends on Cdc13 phosphorylation-mediated telomerase re-
cruitment

Previous studies indicate that Tell and Mecl phospho-
rylate Cdcl3 S249 and S255 to promote telomerase re-
cruitment through enhancing Cdcl3 and Estl interaction
(49-51). Since Rapl S731 is also phosphorylated by Tell
and Mecl (Figure 2D and E), we were curious whether
both Tell /Mecl-mediated phosphorylations on Cdcl3 and
Rapl could exhibit some interplay to regulate telomere
length homeostasis. We generated mutation of Rapl S731
on heterozygous diploid cdcl13-S249S2554/CDCI3 cells,
and the freshly dissected combinational mutant spores
were restreaked on YPAD solid plates serially for grown
at 30°C. The cdc13-S249/S255A cells displayed gradual
telomere shortening and cellular senescence phenotypes as
previously reported (49,50). The telomere length of the
rapl-S731 mutants in the cdcl3-S2495255A4 background,
which was measured after ~75 population doublings, ex-
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Figure4. Rapl S731A mutation reduces its interaction with Rif1, but not Rif2. (A) Yeast two-hybrid assay indicated that rap/-S731 4 mutation significantly
reduces, whereas rap1-S731D increases, the Rap1-Rifl interaction. The Y axis shows the relative folds of B-galactosidase activity. Error bars indicate the s.d.
(n =4, *P-values < 0.05, ** P-values < 0.001, Student’s 7-test, two-tailed). (B) Yeast two-hybrid assay indicated that WT and rap/-S mutants display similar
Rap1-Rif2 interaction (n = 4, NS, non-significant, Student’s z-test, two-tailed,). Bars, s.d. (C) Left panel, the aliquot of GST and GST-Rifl (1709-1916)
fusion proteins was resolved on SDS-PAGE and stained with Coomassie blue. Top-right panel, GST pulldown assay indicated that GST-Rif1 (1709-1916)
significantly reduce its interaction with Rap1-S731A, whereas increase that with Rap1-S731D. Lower panel, the quantitative data of GST-Rifl pulldown
(n = 4, *P-values < 0.05, **P-values < 0.001, Student’s z-test, two-tailed). Bars, s.d. (D) Left panel, the aliquot of GST and GST-Rif2 (1-395) fusion
proteins was resolved on SDS-PAGE and stained with Coomassie blue. Top-right panel, GST pulldown assay demonstrated that the level of GST-Rif2
(1-395) interacting with Rapl is not significantly different between WT and Rap1-S731A or Rap1-S731D, respectively. Lower panel, the quantitative data
of GST-Rif2 pulldown (n = 4, NS, non-significant, Student’s z-test, two-tailed). Bars, s.d.

hibited a comparable telomere shortening pattern as that in
cdc13-52495255 A4 cells (Supplementary Figure S11). These
data suggest that the Cdc13-S249S255 phosphorylation-
mediated telomerase recruitment controls the final telomere
length regulated by Tell /Mecl-mediated Rapl S731 phos-
phorylation.

DISCUSSION

About half century ago, Hayflick and Moorhead found that
normal human fibroblasts cannot proliferate endlessly in
laboratory culture condition (13). The telomere length is
the main issue to determine the replicative lifespan of cells.
Dysfunctional telomeres, which arise by either progressive

telomere shortening or loss of shelterin complex, elicit a
strong DNA damage response and genomic instability. In
metazoan, telomere shortening and telomere uncapping ac-
tivate ATM/ATR kinases to phosphorylate downstream
kinases CHK1 and CHK?2, which initiates p53-dependent
replicative senescence and apoptosis pathways to suppress
tumorigenesis (84) (Supplementary Figure S12).

We previously demonstrated that Tell and Mecl phos-
phorylate Cdc13 at S249 and S255 in vitro and in vivo, which
facilitates the Cdcl13-Estl interaction (49-51). Other lab-
oratories revealed genetic and physical evidence that Tell
is recruited to short telomeres (44,46,48). In addition to
the telomerase recruitment function, here we discover that
Tell and Mecl also participate in promoting end protec-
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Figure 5. Rifl, but not Rif2, occupancy at telomeres is reduced in rap1-S731 A cells. (A and B). ChIP assay demonstrated that Rif1, but not Rif2, occupancy
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causes diminished Rif1 binding to telomeres.

tion, especially in telomere-shortened cells. The major dou-
ble strand telomere-binding protein Rapl is phosphory-
lated by Tell and Mecl at its protein—protein interaction
domain. This phosphorylation is enhanced by DNA dam-
age and telomere shortening. Compromised Rapl phospho-
rylation impedes the interaction between Rapl and Rifl,
which relieving the Rif1 binding at telomeres, and increases
the risk of telomere—telomere recombination. The previous
study indicate that short telomeres generated by incomplete
replication bear a relatively low level of Rif2 but maintain-
ing similar amounts of Rifl compared with long telomeres,
which hints that shortened telomeres prefer to lose Rif2 be-
fore Rifl during telomere shortening (35,46). Interestingly,
we found that the interaction between Rifl and Rapl is reg-
ulated by Rapl S731 phosphorylation, which is enhanced
during telomere shortening. Taken together, we propose a
model that once telomeres become shortened, progressive
Rif2 loss weakens the capping ability to inhibit Tell re-
cruitment. Tell localizes to shortened telomeres and phos-
phorylates Rapl S731. This reinforces the interaction be-
tween Rapl and Rifl and/or increases Rifl recruitment

to compensate for the partial loss of end protection abil-
ity by a low number of Rapl complexes. Furthermore, Tell
also phosphorylates Cdc13 S249 and S255 to recruit telom-
erase for telomere elongation. After telomerase extends the
3’ ends of the G-rich strand, RNA-primed DNA replication
by primase/DNA polyermase « fills in the complementary
C strand. The elongated telomeres then recruit more Rapl
complex. They gradually reach the threshold of end pro-
tection to inhibit Tell loading and prevent telomerase, re-
combinational machinery and exonucleases from attacking
the Rapl complex-occupied DNA ends (Figure 6). There-
fore, the ATM/ATR DNA damage sensing kinases play a
critical role in balancing the telomere capping and telomere
elongation at shortened telomeres.

We demonstrated that the loss of Rapl S731 phospho-
rylation causes telomere lengthening, which is diminished
by RIFI deletion but not by R/F2 deletion (Figure 3A and
B). The physical interaction and ChIP data indicate that
impaired Rapl S731 phosphorylation decreases the inter-
action between Rapl and Rif1, which results in low occu-
pancy of Rifl at telomeres (Figures 4 and 5A). Telomere
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Figure 6. Tell orchestrates the telomere capping and telomerase recruitment pathways in telomere-shortened cells. The schematic model describes how
telomere shortening enhances Rapl phosphorylation and triggers a feedback loop to promote telomere end protection.

lengthening in rapl-S731A4 cells (Figure 1B) may be due
to relieved Rifl capping ability that partially derepresses
telomerase-based telomere extension, which is consistent
with the ‘protein-counting’ model for telomere length reg-
ulation (25,32,33). We further rule out the possibility that
S731 phosphorylation regulates the Rap1-Sir3 interaction
(Supplementary Figure S9). Taken together, we think that
S731 phosphorylation might directly and specifically en-
hance the interaction between Rapl and Rifl. Alternatively,
it is possible that S731 phosphorylation might increase Rifl
abundance and its recruitment onto telomeres.

Telomere length homeostasis is particularly important
for cells under stress condition because DNA damage
agents can also cause telomere breakage. The fact that DNA
damage causing an upward level of Rapl phosphorylation
is consistent with the recent report that Rapl/Rifl complex
serves as the central mediator to regulate telomere length
homeostasis for cells under environmental stress (40). In-
terestingly, Rap1, Rifl and Rif2 complexes modulate DNA
damage-induced de novo telomere addition (37,42,85). They

repress the action of telomerase at telomeric DSBs (86).
Nevertheless, the absence of Rifl or Rif2 causes different
resection effects (34,36). In cdci3—1 mutants, which pos-
sess an altered cap, Rifl, but not Rif2, is important for
preventing end resection (41). These data imply that Rifl
and Rif2 prevent ends from resection by different pathways.
We propose that abnormal telomeres induce Tell /Mecl to
phosphorylate Rapl S731, thereby increasing Rifl recruit-
ment. Interestly, the ribonucleotide reductase 3 (RNR3)
gene, which is required for DNA repair and telomere ex-
pansion, is activated at its promoter by a Mecl-dependent
Rapl recruitment and the C-terminal domain of Rapl is
required for RNR3 activation (87). Upon telomere short-
ening, Rapl relocalizes to the upstream promoters of hun-
dreds of new Rapl targets at senescence, which are prefer-
entially activated at cell senescence stage, not simply due
to loss of Rapl telomere-binding site, but rather through
an active Mecl-mediated mechanism (88). Here we identi-
fied that Tell /Mecl-mediated Rapl S731 phosphorylation
is boosted during DNA damage and cellular senescence. It
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will be of interest to know whether this Rapl phosphoryla-
tion participates in connecting between DNA damage re-
sponses at telomeres and global gene expression changes
during senescence. These Rapl-dependent mechanisms for
maintaining genomic integrity under environmental stress
require further investigation.
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