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ABSTRACT

Cdc13 is an essential protein involved in telomere
maintenance and chromosome capping. Individual
domain analyses on Cdc13 suggest the presence of
four distinct OB-fold domains and one recruitment
domain. However, it remained unclear how these sub-
domains function in the context of the whole pro-
tein in vivo. Here, we use individual single domain
deletions to address their roles in telomere capping.
We find that the OB2 domain contains a nuclear lo-
calization signal that is essential for nuclear import
of Cdc13 and therefore is required for chromosome
capping. The karyopherin Msn5 is important for nu-
clear localization, and retention of Cdc13 in the nu-
cleus also requires its binding to telomeres. More-
over, Cdc13 homodimerization occurs even if the pro-
tein is not bound to DNA and is in the cytoplasm.
Hence, Cdc13 abundance in the nucleus and, in con-
sequence, its capping function is strongly affected
by nucleo-cytoplasmic transport as well as nuclear
retention by DNA binding.

INTRODUCTION

Functional telomeres, the terminal parts of linear chro-
mosomes, are essential for safeguarding the genome. Their
structure and organization are highly conserved amongst
eukaryotic species. For example, telomeric DNA consists
of short, repeated G-rich sequences generally ending with
an extended overhang of the 3’-end (1,2). A certain mini-
mal number of the species specific repeats is essential for
telomere function as it is required for the binding of spe-
cialized telomeric proteins (1-3). The assembled functional
telomeric complex protects ends from inappropriate resec-
tion, thus preventing DNA damage checkpoint activation
and/or chromosome end to end fusions (1,2). A second
function of telomeres is that of counteracting the progres-
sive losses of terminal DNA that occurs during each round
of replication due to the end-replication problem (4). In-
deed, short telomeres are elongated by a specialized and
conserved reverse transcriptase called telomerase (5,6). In

budding yeast, both telomere elongation and the telom-
ere capping function are orchestrated by a heterotrimeric
complex composed of the essential proteins Cdcl3, Stnl
and Tenl, respectively (abbreviated as CST; (1,7-9). CST
complexes with similar functions exist in plants, fission
yeast and mammals where they are associated with limiting
telomerase-mediated telomere lengthening, lagging strand
synthesis on telomeres and rescuing a stressed replication
fork during replication of difficult sequences (10-16). There
may be an analogous complex in the fruit fly (17,18), point-
ing to deeply rooted conserved features of chromosome cap-
ping mechanisms. In humans, mutations in either hCTC1
or hSTNI have been shown to cause Coats Plus syndrome,
characterized by telomere dysfunction not necessarily asso-
ciated with short telomeres (13,19).

Molecular modeling and direct structure function exper-
iments on the budding yeast CST proteins revealed simi-
larities with the heterotrimeric replication protein A (RPA)
(20-22). Within CST, Cdcl3 is thought to be the major hub
for the various CST functions and it in particular deter-
mines DNA binding activity in vitro and in vivo (23-26).
Loss of Cdcl3 elicits a Rad9-dependent cell cycle arrest
(9) and particularly the temperature-sensitive cdcl3-1" al-
lele has been used extensively to study general DNA dam-
age checkpoint function and cell cycle arrest mechanisms.
However, the molecular details of why telomeres appear
completely uncapped in cdcl3-1 cells incubated at restric-
tive temperatures remained unknown.

Studies on biochemical properties, including crystalliza-
tion, of individual fragments revealed that Cdcl13 may be
composed of four distinct Oligosaccharide/oligonucleotide
Binding (OB)-fold domains named OB1, OB2, OB3 (the
DNA Binding Domain) and OB4, in addition to a recruit-
ment domain (RD) that is in between OB1 and OB2 (Fig-
ure 1A; (21-24,27-32)). The N-terminal OB1 is proposed
to mediate Cdcl13 homodimerization (21). However, pre-
venting this dimerization has little effect on capping and
only slightly affects telomere homeostasis (21,29). A por-
tion of Cdc13-OBI also serves to anchor DNA Polymerase
a-primase to the telomere to achieve C-strand synthesis
(21,31,33,34). The RD domain just downstream of OB1 in-
teracts with the telomerase subunit Estl, thereby mediat-
ing the link between telomerase and telomeres (25,35). Mu-
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Figure 1. Cdcl3 domain deletions and their effects on viability and telomere length. (A) Proposed domain map of the Cdc13-Myc protein and deletions
used in this study. OB1, OB2, OB3 (DBD) and OB4 are described as OB (Oligonucleotide-oligosaccharide Binding)-fold domains, RD is the telomerase
Recruitment Domain and DBD is the DNA Binding Domain. (B) Western blot showing protein expression of the Cdcl3-Myc protein variants as in (A
and C). RNA Polll is the loading control. (C) Viability test of a cdcl3-1 strain transformed with plasmids expressing the indicated cdc!3 alleles. Cells were
incubated at indicated temperatures; — no CDC13 allele on plasmid. (D) Southern blot assessing telomere lengths in cdcl3-1 cells expressing the indicated
alleles. Below the gel, when applicable for the expressed allele, the number of generations grown at 30°C is indicated, — cells grown at 23°C. Ob2A and
ob3A alleles did not grow at 30°C (see C). Y’-TRF indicates the diagnostic smear of telomeric bands which for a wt is around 1.3 kb (see lanes on the left).

The gel was hybridized to a telomeric repeat probe pCT300 (43).

tations that prevent this Cdcl13-Estl interaction will cause
a loss of telomeric repeats and eventually a prolonged cell
cycle arrest and lethality, the same phenotypes observed in
cells that lack telomerase altogether (25,36-38).

Partially overlapping with this Est1 binding in the Cdc13-
RD is an association site for Stnl, which will limit telom-
erase mediated G-strand extension (27,35). The OB2 do-
main, downstream of the RD has been suggested to be re-
quired for CST assembly and involved in productive telom-
ere capping (29). Of note, the point mutation in the cdci3-1
allele leading to the P371S amino acid change is in OB2 and
cells harboring this allele display a very strong temperature-
sensitive (ts) growth arrest phenotype at temperatures >
26°C (9). Next, OB3 is the DNA binding domain of Cdc13
which specifically binds single-stranded G-rich telomeric re-
peats such as the G-rich 3’ overhang on telomeres (24).
DNA binding requires about 10-12 nucleotides and it is
thought that this DNA association tethers Cdcl3, and by
extension, all CST functions to telomeres (23,24,26,32,35).

Recent results show that the DNA binding characteristics
of Cdcl13 are fully determined by the OB3(DBD) alone and
dimerization does not impinge on that activity (28). Finally,
the available evidence suggests that Stn1 also interacts with
the C-terminal OB4 (36,39). However, a deletion of this do-
main is tolerated in vivo and hence appears not essential for
recruitment of Stnl to telomeres (35).

Analyses of isolated domains cannot completely address
the functions of them in the context of the full length pro-
tein. Therefore, in particular the roles of the OB4 domain
and the essential OB2 remained elusive. In this study, we
take advantage of cdci3-independent strains (40,41) to an-
alyze and characterize, in vivo, deletions of specific domains
of Cdcl13. The results show that in the absence of OB2, the
Cdcl3 protein is almost completely lost from the nucleus
and localizes to the cytoplasm. Surprisingly, the same phe-
notype is observed using cells harboring the cdci3-1 allele
and incubated at restrictive temperatures. Introducing an
exogenous NLS sequence into Cdcl3 without OB2 restores



the nuclear localization of the mutated protein, suppresses
the growth arrest phenotype of cdcl3-1 cells at restrictive
temperature and ensures functional telomere capping and
cell viability on its own. In addition, nuclear retention of
the Cdcl13 protein also requires its ability to interact with
DNA. Our data further argue that inside cells, Cdc13 occurs
as a constitutive dimer, even if not bound to DNA. Thus,
neither the cdcl3-1 mutation, OB2 deletion, nor the loss of
telomeric DNA interaction affected homodimer formation
in vivo. Our results therefore for the first time explain an
extensive literature on the phenotypes of the cdcl3-1 muta-
tion. In addition, we note that for the human CTCI pro-
tein, which is part of hCST, cytoplasmic mislocalization is
a feature of a number of mutations that are associated with
Coats Plus syndrome (42).

MATERIALS AND METHODS
Plasmid constructions

All plasmids are listed in Supplementary Table S1 and
are derived from the original pVL438 (CEN, URA3,
CDC13 (35)). All described mutations were achieved by
PCR mutagenesis (primer sequences are supplied upon re-
quest) and verified by sequencing. All strains used in this
study are listed in Supplementary Table S2. Note that
all strains are annotated for where they were used in the
experiments/figures.

Southern blot and in-gel hybridization analysis

DNA was extracted from saturated liquid cultures using a
glass bead procedure (43). For native in-gel analyses, DNA
was extracted from mid-log phase cultures. The DNA was
digested with Xhol, fragments separated on agarose gels
and the gels hybridized without any denaturation using a
CA oligonucleotide probe as described in (44). For loading
controls, after imaging of the signals from the native DNA
gels, the DNA in the gels was denatured and gels re-probed
with the CA oligonucleotide. For quantification, whole-lane
signals from native hybridization were normalized first to
the signal obtained from denatured, total DNA, and then
compared to the control strains, as in (44). Experiments
were done at least three times.

Chromatin Immuno-Precipitation (ChIP) analysis

ChIP was performed as described in (45,46) and the
methodology is extensively detailed in the Supplemental
Methods section. Briefly, strains were grown to OD = 1 and
fixed with 1% (v/v) formaldehyde for 5 min. Cells were sus-
pended in ChIP-lysis buffer containing PMSF. Flash frozen
‘Popcorn’ was obtained by dropping cells into liquid nitro-
gen and cell lysis was achieved in liquid nitrogen using a
freezer mill method. After melting, samples were supple-
mented with a protease inhibitor cocktail and subjected to
sonication. Soluble fractions were subjected to immunopre-
cipitation with Pierce™ Protein A/G magnetic beads us-
ing 2 pg of mouse monoclonal anti-Myc antibody for 2 h
at 4°C. ChIP-beads were washed and crosslinks reversed
overnight at 65°C. Samples were subjected to RNase (1 h)
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and Proteinase K (6 h) incubation. Then, DNA was ex-
tracted by a phenol/chloroform and purified by a Qiagen
PCR kit purification. Immunopricipitates and Input DNA
were analyzed by gPCR (see Supplemental Methods for de-
tails).

Co-immunoprecipitation (Co-IP) and Western blot (WB)

Protein extracts for WB were prepared using a
trichloroacetic acid method. Proteins were separated
by 6% SDS-PAGE for Cdcl3-Myc blots and 10% for
Rad53 blots as described in (40). Blotting was performed
using indicated antibodies. Signals were revealed using
horseradish peroxidase-conjugated secondary antibody
with the enhanced chemiluminescence detection kit. ColP
was prepared as previously described (47). Cells from
0.5 OD cultures were pelleted and resuspended within
appropriate lysis buffer supplied with protease inhibitors
and PMSF. Flash frozen ‘Popcorn’ were made as above
and ground in a Freezer/Mill. The powder was thawed
on ice and cleared by centrifugation. Equivalents of 5 mg
protein in the soluble fraction were adjusted for Co-IP in 1
ml of total volume. 20 pg of anti-Myc antibody were added
and extracts incubated for 2 h at 4°C. IP was performed
with 30 pl of a slurry with magnetic beads (Pierce™ Protein
A/G) for another 2 h. For the HA IP experiments, 1 ml
extract was added to 30 wl of a suspension of magnetic
beads coated with anti-HA antibody. Beads were then
removed and washed with TMG Lysis buffer. If indicated,
beads were incubated with DNase I for 1 h at 37°C.

Immunofluorescence and microscopy

Cell cultures at OD 0.5 were fixed with 5% formaldehyde
and suspended in 1 ml of lysis buffer for cell wall diges-
tion (see Supplemental Methods for details). Cells were then
resuspended and dropped onto immunofluorescence glass
with a polylysine treated surface. After methanol fixation
and acetone treatment, cells were air dried and treated with
a PBS solution containing BSA and supplemented with
a mix of primary antibody (anti-Myc and anti-tubulin or
anti-PGK) for 2 h. Secondary antibodies (Alexa) conju-
gated to specific fluorophores were added in PBS buffer
with BSA (1 mg/ml) for 2 h. After several washes, DNA
was stained with DAPI and mounted on cover-slips. Pic-
tures were acquired with a Zeiss mRm Axiocam mounted
on an axio observer ZI inverse microscope using Zen 2012
software asin (47). Localization and co-localization was de-
termined manually. Signal intensity for ratio determinations
was analyzed by Columbus software. Statistical 7-test anal-
yses are provided from at least three independent experi-
ments.

RESULTS

Cdc13 OB2 and OB3 are essential for viability, while the RD
and OB4 are essential for telomere length control

In order to better understand the role of each domain in
Cdcl13, we generated a Myc tagged version expressed from
a low copy plasmid (CEN/ARS) and in which each domain
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Figure 2. Cdcl13-0b2A and Cdcl3-0b3A proteins lack DNA interaction and cause a loss of capping. (A) Native in-gel hybridization of DNA derived
from cdcl3-1 strains expressing indicated alleles of CDCI3 incubated at permissive and restrictive conditions for 2 h. (-) Growth at 23°C; (+) growth at
30°C. sstDNA is a single stranded control DNA. Bottom panel: same gel re-hybridized after denaturation to control for DNA loading. Panel to the right:
relative ssDNA signal detection, wt signal is set as 1. (B) Western blot for hyper phosphorylation status of Rad53 in each strain as indicated in (A); ()
growth at 23°C; (+) incubated at 30°C for 5 h. RNA PollI is the loading control. (C) Upper panel: Native In-gel hybridization of an adapted cdci/3A
strain expressing the indicated mutated Cdc13 proteins. Middle panel: EtBr stain as loading control. Lower panel: relative quantification ssDNA as in (A)
(*P < 0.05, and **P < 0.01 obtained by #-test for A and C). (D) ChIP of indicated Myc-tagged Cdcl3 proteins expressed in the adapted cdcl3 A strain.
Relative quantification as % of input for the indicated strains. Black boxes: values for telomeric sequence enrichment; Gray box: values for an unrelated
locus (CLN2) as negative control. (—) Indicates untagged version of Cdc13. (E) Western blot of IP Cdc13-Myc variants in used in (D). * Non-specific signal.



was deleted individually (see Figure 1A for details). Delet-
ing the N-terminal OB1 caused a dramatic destabilization
of the protein and causes a null phenotype (Figure 1B and
Supplementary Figure S1D). However, that characteristic
is not informative and OB1 deletions will not be discussed
further. The remaining four alleles were first tested for their
ability to complement a cdcl3 A allele in haploid spores. In
line with previous results, two of the four new CDC13 alle-
les, cdci3-rdA and cdcl3-0b4 A, are not immediately essen-
tial for Cdcl3-function (Supplementary Figure S1A). After
further outgrowth, cultures of cells containing the cdcl3-
rdA allele displayed classical signs of senescence, similar
in phenotype to tlclA cells lacking telomerase altogether
(Supplementary Figure S1B). Moreover, both cdcl3-rdA
and cdcl3-0b4A complemented the temperature defect of
the cdcl3-1 strain at all temperatures tested (Figure 1C and
Supplementary Figure S1C). In contrast, the cdci3-0b2A
and cdcl3-0b3 A alleles could not complement an absence
of Cdcl13 and therefore, the two OB2 and OB3 domains are
essential for Cdc13 function and cell viability (Supplemen-
tary Figure SIA). Transforming Cdcl13-0b2A or Cdcl3-
ob3A separately into a strain that contains the hypomor-
phic cdcl3-1 allele also did not suppress the thermosensitiv-
ity of this strain (Figure 1C). This lack of complementation
is not due to protein expression levels: western blot analy-
sis on total protein extracts showed that the expression level
of the mutant proteins is comparable to the wildtype (Fig-
ure 1B). Southern blot analyses of telomeric restriction frag-
ments using DNA derived from cells that harbor the cdci3-
1 allele and the indicated deletion allele were performed af-
ter 120 generations of growth (Figure 1D). Cells with the
Cdc13-0b2A or the Cdcl3-0b3A protein do not grow at
30°C while when grown at permissive temperature, telom-
eres were of normal length (Figure 1D). As expected, cells
expressing the Cdc13-rdA protein and grown at 30°C con-
tained extremely short telomeres (Figure 1D). Remarkably
however, the senescence phenotype and survivor formation
was somewhat delayed from normally 100 generations to
~220 generations in this situation (Supplementary Figure
S1F). These results suggest that the cdcl3-1 allele can par-
tially trans-complement an allele that lacks the recruitment
domain (cdcl3-rdA), even if cells are grown at restrictive
temperature.

In the complete absence of telomerase, for example if
cells lack the RNA component, a small subset of them will
switch to a recombination-based telomere maintenance and
such cells are called survivors. They show at least two dis-
tinct phenotypes in terms telomeric restriction fragments:
type I cells display an amplification of telomere associated
sequences and very short terminal repeat tracts, whereas
type II cells display many bands of highly variable distinct
sizes (for this latter, see Supplementary Figure S1E, lane
1) (1,48). In Cdcl3-independent cells, also called adapted
cdcl3 A cells that were derived from type-II survivors (41),
the signals for telomeric restriction fragments are extremely
smeary and almost lacking distinct bands (see example in
Supplementary Figure S1E, lane 2). However, this pheno-
type reverts to the survivor pattern after reintroduction of a
wt Cdcl3 protein (Supplementary Figure S1E, lane 3; (41)).
The Cdcl3-rdA and Cdcl3-0b4 A proteins were sufficient to
also revert this phenotype back to distinct bands (Supple-
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mentary Figure SIE, lanes 4, 7). However, introduction of
the Cdc13-0b2A or Cdc13-ob3 A proteins did not yield such
a phenotype reversion, suggesting that these alleles caused a
total loss of all functions (see lanes 5 and 6, Supplementary
Figure S1E). As previously observed with the cdcl3-2 allele
that is located in the RD domain, the results with the Cdc13-
rd A protein confirm that this domain does not contribute to
the capping function (25), and by extension this also applies
to the OB4 domain. Given that DNA binding is thought to
be required for all functions of Cdcl3, the deletion of OB3
(DBD) was expected to yield the complete loss of function
phenotypes observed here. However, the fact that OB2 was
equally essential was unexpected.

Both OB2 and OB3 are required for DNA binding in vivo

To better understand the role of the OB2 domain, we ana-
lyzed the functionality of the Cdc13-0b2A protein in telom-
ere capping in more detail. One of the hallmarks of loss
of Cdcl3-mediated capping is extensive 5'-strand resection
from the telomeres that can be detected via a native DNA
in-gel hybridization assay (44). For the analyses here, cdci3—
1 cells also expressing the indicated domain-deleted alleles
were incubated at permissive temperature (— in Figure 2A)
or shifted to 30°C, the restrictive temperature for cdcl3-1,
for 2h (+ in Figure 2A). Without any plasmid encoded ver-
sion of Cdcl3, 5 resection and the accumulating ssDNA
is readily detectable (Figure 2A, compare lane 2 to lane
4). The Cdc13-rdA and Cdcl3-0b4A can fully complement
this capping defect, as no increase in ssSDNA signal is de-
tectable as if a wt Cdc13 was expressed (Figure 2A, lanes 4,
6 and 12). However, on DNA derived from cells expressing
the Cdc13-0b2A and Cdcl3-0b3A proteins, a strong cap-
ping defect is detected (Figure 2A, lanes 8 and 10). This
ssDNA accumulation results in Rad53 hyperphosphoryla-
tion which is indicative of an activation of the DNA dam-
age checkpoint (Figure 2B lanes 2, 8 and 10; Supplemen-
tary Figure S2A). In order to address the possibility of a
partial trans-complementation that could interfere with in-
terpretations, the above experiment was performed in two
additional ways. In the first, the endogenous Cdcl13 is in-
duced to be degraded via the degron system and therefore
removed (49). Consistent with the results with the situa-
tion with the cdcl3-1 allele above, expressing the Wt protein
or the Cdcl13-rdA or Cdcl3-0b4A proteins fully protected
the telomeres from resection (Supplementary Figure S2B).
In contrast, expression of Cdc13-0b2A or Cdc13-0b3A re-
vealed a strong capping defect and checkpoint activation
after 3 h of degron induction (Supplementary Figure S2B—
D). In the second situation, we performed the same analyses
in an adapted cdclI3A strain. Again as above, the Cdcl3-
rdA and the Cdcl3-0b4A conserved the capping capacity
and virtually no ssDNA accumulation was detected (Fig-
ure 2C), while the Cdc13-0b2A and Cdc13-0b3 A expressing
cells show a strong capping defect (Figure 2C). Hence, in all
situations tested, cells expressing the Cdc13-0b2A protein
behave like those expressing the Cdc13-0b3 A, which cannot
bind DNA. Therefore we assessed whether the Cdc13-o0b2A
can be associated with DNA in vivo by ChIP assays using
cells that expressed the generated alleles in either adapted
cdcl3A or in cdcl3-1 strains. As expected from previous
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data, both the Cdcl3-rdA and Cdcl3-ob4A proteins still
bind DNA in vivo (Figure 2D and Supplementary Figure
S2E) (24,25). In contrast, the Cdc13-0b2A protein behaved
indistinguishably from the Cdcl3-ob3A protein, suggest-
ing that it does not associate with ssDNA in vivo (Figure
2D and Supplementary Figure S2E). Western blots after IP
immunoprecipitation confirmed that the mutated proteins
could be enriched equally with the anti-myc antibody (Fig-
ure 2E). In conclusion, the Cdc13-0b2A protein appeared
not to be associated with DNA in vivo despite the fact that
it contained the complete OB3 domain that was thought
to be sufficient for all DNA binding activity of Cdcl3 (28)
and that the OB2 alone did not associate with DNA in vitro
(24,29)

The OB2 domain is required for nuclear localization of Cdc13

The above results suggested either a general misfolding with
complete loss of function for the Cdc13-0b2A protein or a
mislocalisation. In order to assess the latter hypothesis, we
used the adapted cdcl3 A strains that grow even in the com-
plete absence of Cdcl3 and in which we localized tagged
mutated proteins by immuno-fluorescence. When these cells
express the wild type Cdcl3-Myc protein, telomeres are
capped (Figure 2C) and anti-myc staining revealed discrete
staining almost exclusively in the nucleus, as expected (Fig-
ure 3A, second row). Quantification of signal intensities
for Cdcl13-Myc (red) versus DNA (blue) showed that more
than 75% of the signal co-localized (Figure 3A, right, Sup-
plementary Figure S3). The Cdcl3-rdA and Cdcl3-0b4A
proteins were also found to localize to the nucleus (Fig-
ure 3A, Supplementary Figure S3), in line with the func-
tional capping data above. In contrast, the Cdc13-0b2A and
Cdc13-0b3A proteins showed differing and distinct pheno-
types. The Cdc13-0b3 A protein displayed a non-specific lo-
calization pattern: it is found equally abundant in the cy-
toplasm and nucleus (Figure 3A). Remarkably, the Cdcl13-
0b2A protein appears absent from the nucleus and local-
ized almost exclusively to the cytoplasm (Figure 3A, Sup-
plementary Figure S3B). This cytoplasmic localization sug-
gested that the OB2 domain determines nuclear localization
via import and/or the introduced mutations induced an ex-
port via a normally hidden nuclear export signal. Compu-
tational analyses of the Cdc13 protein actually predict a bi-
partite nuclear localization signal (NLS)(Figure 3B, (50)).
In fact, this predicted NLS localizes on the N-terminal side
of OB2 (a.a. 325-350). Indeed, while deleting a.a. 289-328
is well tolerated and results in a functional protein, deleting
a.a. 329-368 results in a complete loss of function (Supple-
mentary Figure S4A and B). If OB2 determined nuclear im-
port of Cdcl13, introduction of a strong exogenous nuclear
localization signal into the Cdcl3-0b2A protein should re-
store at least some functionality. Indeed, when we intro-
duced the SV40 NLS between the RD domain and the OB3
of the Cdc13-0b2A, a construct called Cdcl13-0b2A-NLS,
>70% of the nuclear signal was restored (Figure 4A). As
a control, we also added an NLS sequence in place of the
OB3 between the OB2 and the OB4 and obtained a sim-
ilar result (Figure 4A; Supplementary Figure S5A). West-
ern blots confirmed that these proteins were expressed nor-
mally, even if the Cdc13-0b2 A-NLS protein appears slightly
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less abundant (Supplementary Figure S4C). Nevertheless,
the rescued localization of the Cdcl3-0b2A-NLS protein
to the nucleus is sufficient to allow cdci3—1 cells to grow
at 30°C (Figure 4B) and prevent the generation of ssDNA
by 5-end resection (Figure 4C). Expression of this protein
also abrogates Rad53 phosphorylation after incubation at
30°C (Figure 4D), but Rad53 still can be induced by incu-
bation of the same strain with the radiomimetic Bleomycin,
which induces DNA damage in a locus non-specific fashion
(Supplementary Figure S4D). Consistent with these results
obtained with cdcl3-1 cells, the telomere capping function
was also restored in the adapted cdcl3 A cells (Supplemen-
tary Figure S4E). These rescue phenotypes can be ascribed
specifically to the introduced NLS signal peptide, because
if this peptide contains an abrogating mutation (nlsm), all
the complementing phenotypes were lost (Figure 4B and
Supplementary Figure S4E). When the Cdc13-0b2A-NLS
protein is expressed from a multicopy plasmid as the sole
allele expressed, it actually allows cell growth (Figure 4E).
Finally, telomeres in these cells harboring the Cdc13-0b2A-
NLS multicopy plasmid had lengthened significantly be-
yond wt (Figure 4F). These findings strongly suggest that
the N-terminal part of the OB2 domain is involved in nu-
clear import of the Cdcl3 protein. In contrast to the re-
sults with the Cdc13-0b2A-NLS protein, the Cdcl13-0b3A-
NLS protein could not rescue the capping defect in adapted
cdcl3 A cells (Supplementary Figure S4E), even though it
was expressed at a level similar to wt (Supplementary Figure
S4C) and properly localized to the nucleus (Figure 4A, Sup-
plementary Figure S5A). These data corroborate the fact
that the OB3 is required for DNA binding and hence all
functions of Cdcl3.

Given these dramatic mis-localization findings with the
Cdcl13-0b2A protein, we wondered whether a similar ef-
fect could explain the phenotypes of the Cdcl3-1 protein
as well. The a.a. change in this mutation is in OB2 and we
thus performed immuno-fluorescence studies with a Myc-
tagged Cdcl3-1 at different incubation temperatures (Fig-
ure 5). While the nuclear localization of the wt Cdcl3 is
not affected by temperature, there is a stark difference in
the localization of the Cdc13-1-Myc protein between cells
incubated at 23°C versus 35°C (Figure 5SA and B, Supple-
mentary Figure S5B). The predominantly nuclear staining
of the Cdc13-1-Myc protein at 23°C is by and large lost for
a very diffuse cytoplasmic staining at 35°C. This final phe-
notype is comparable to that displayed by the Cdcl3-0b2A
protein (see Figure 3A). Cells expressing the Cdcl13-1-Myc
protein and which are incubated at the restrictive tempera-
ture do induce Rad53 phosphorylation (Figure 5C) and ar-
rest with a G2/M morphology, as expected. Moreover, in
adapted cdci3A cells expressing the Cdcl3-0b2A protein,
the protein appears always in the cytoplasm, irrespective of
the specific cell cycle phase of the analyzed cell (Figure 3A).

A previous investigation on the reasons for the
temperature-sensitivity of the cdcl3-1 allele showed
that an absence of the karyopherin beta Msn5 aggravated
it (51). Given our results, we examined the localization of
Cdcl13-1 in msn5A cells at 23°C. As mentioned above, the
cytoplasmic localization of Myc-tagged Cdcl3-1 at this
temperature is subtle, but noticeable, in MSN5"* cells. This
phenotype becomes very much aggravated in msnSA cells,
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even at 23°C (Figure 6A, Supplementary Figure S5C).
Remarkably, in msn5A cells, a certain level of cytoplasmic
localization can be detected even for the wt Cdcl3 protein
(Figure 6, second row), suggesting that Msn5 does indeed
play a role in the proper localization of Cdcl13.

Constitutive Cdc13 dimerization is independent of OB2

Previous results obtained with an isolated OB2 domain pro-
tein suggested a role in Cdcl3 dimerization which may in-
hibit Cdc13-Stnl interactions (29). In order to analyze the
effect of an OB2 deletion on potential dimerization in the
context of the complete Cdc13 protein, we performed in vivo
co-immunoprecipitation experiments in a haploid strain
that expressed two tagged versions of Cdcl3 (13xMyc or
3xHA). When both Cdc13 proteins were wild-type versions,
they were expressed at about equal levels and they can be
co-immunoprecipitated, as expected (Supplementary Fig-
ure S6A-C). This interaction was not dependent on telom-
eric DNA, as dimerization was detectable even after DNase
I treatment of the extracts and the IP fractions did not con-
tain detectable levels of telomeric DNA sequences (Figure
7A). As expected, in this situation no detectable Rapl pro-
tein was in the precipitate (Supplementary Figure S6D).
Previous experiments demonstrated that the constitutive
G-strand overhang on telomeres in mrell A cells were ex-
tremely short and most likely only a single Cdc13 molecule
would fit on it (52). Cells with the mrell A allele and ar-
rested in GO for 48 h thus reflect a situation with minimal
opportunity for Cdc13 to dimerize on the overhang DNA,
yet the two Cdcl3 versions still co-precipitated in extracts
from these cells (Figure 7B). A previously described CDC13
allele called cdcl3—4R contains 4 a.a. changes in OB1 and
this allele was reported to have lost the ability to form
dimers (21). Indeed, in the co-immunoprecipitation assays
used here, dimerization of Cdc13-4R proteins could not be
detected (Figure 7C, left panel). These setup experiments
thus provided a solid platform with which to verify the inter-
action potential of the specific domain-deleted alleles. In or-
der to avoid problems related to inviability of cells, for these
next experiments we used the adapted cdcI3A strain co-
expressing the two differently tagged copies of the same al-
leles and compared co-immunoprecipitation profiles. Dele-
tion of either the RD, the OB2 or the OB4 domains did
not impair dimer formation (Supplementary Figure S6E).
Consistent with this result, the hypomorphic cdc13-1 allele
also did not impair the ability of the Cdc13-1 protein to
be co-immunoprecipitated, even after 2 h of incubation of
the cells at the restrictive temperature (Figure 7D). In con-
trast, the Cdc13-0ob3 A protein completely lost the ability to
form a dimer (Supplementary Figure S6E). Remarkably, the
Cdc13-0b3A also could not be co-immunoprecipitated with
a wt protein (Supplementary Figure S6E, middle right).
Given that the tagged Cdcl13-0b2A protein still can be co-
immunoprecipitated, yet mislocalizes to the cytoplasm and
is not associated with telomeric DNA in vivo (Figures 2
and 3), these dimers form independently of DNA bind-
ing, confirming the DNase experiments above. Finally, we
generated a new CDCI3 allele (cdcl3-0b3-13m), in which
we changed 13 a.a. that were previously identified as key
residues for the proper DNA binding of the OB3 domain

(Figure 8A; (23). The Cdcl3-0b3-13m protein is expressed
in cells (Figure 7C), does not complement the cdc/3-1 mu-
tation at 30°C (Figure 8B), and does not bind telomeric
DNA as assessed by ChIP (Figure 8C). However, tagged
versions of this protein still can be co-immunoprecipitated
and it can also form a heterodimer when co-expressed with
a wt version of Cdcl3 (Figure 7C right panels and Sup-
plementary Figure SOE far right). We therefore conclude
that homodimer formation is independent of DNA bind-
ing. This result allowed us to test whether DNA binding per
se was required for nuclear retention of the Cdc13 protein,
given that the Cdc13-ob3A version lost both, dimerization
and nuclear retention. Immunofluorescence of Myc-tagged
Cdcl13-0b3-13m on cycling adapted cdcl3 A cells showed a
diffuse signal localized in both nucleus and cytoplasm, es-
sentially an indistinguishable phenotype as obtained with
the Cdc13-0b3A protein (Figure 8D; Supplementary Fig-
ure S5D). This result suggests that it is Cdcl3 binding to
telomeric G-strand DNA that retains it in the nucleus and
prevents its export to the cytoplasm.

DISCUSSION

The linearity of eukaryotic chromosomes requires special-
ized mechanisms to keep their ends stable (1-3). In mam-
mals, a highly ordered six-member complex called shel-
terin is at the center for this function. In addition, during
replication, the heterotrimeric hCtcl/hStnl/hTenl com-
plex (hCST) participates in limiting telomerase mediated G-
strand extension as well as initiating lagging C-strand syn-
thesis (13,42). However, it is equally important that these
normal telomeric capping mechanisms not be active on
chromosomal ends occurring elsewhere in the genome af-
ter accidental DNA breaks.

In budding yeast, the trimeric Cdc13/Stnl/Ten (CST)
complex is the key coordinating unit for telomeric sequence
addition by telomerase and capping (1). CST has noted sim-
ilarities with the trimeric ssDNA binding complex RPA and
some of its functions may include those of a telomere spe-
cific RPA (22). Of the three CST proteins, Cdc13 is the one
with high-affinity G-rich ssDNA binding and all telomeric
functions depend on this capacity. Previous analyses of the
full length Cdc13 protein or isolated fragments thereof have
proposed an overall modular structure with four OB-fold
domains and one recruitment domain between OB1 and
OB2. Here we analyzed individual deletions of each of those
domains and assessed the functions of the remaining pro-
tein in cells that harbor a s allele of the gene (CDC13-1) or
in cells that have adapted to grow without Cdcl3 (40,41).

Our immunolocalization studies showed deletion of all of
OB2 (A290-493) causes a striking exclusive cytoplasmic lo-
calization (Figure 3). Predictive algorithms suggested that
Cdcl13 has a classical nuclear localization signal (c(NLS) be-
tween a.a. 325 and 350 (Figure 3), a region previously as-
cribed as the N-terminus of OB2 (Figures 1 and 3B). More-
over, the addition of a classical SV40-derived NLS in place
of this deletion corrects this mislocalization (Figure 4A),
suppresses the thermo-sensitivity of the cdcl3-1 allele at
30°C (Figure 4B-D) and, if expressed from a high copy plas-
mid, is sufficient to confer cellular viability on its own (Fig-
ure 4E). Furthermore, a deletion of only amino acids 329-
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368 also resulted in a non-functional Cdcl3 (Supplemen-
tary Figure S4) and cytoplasmic localization (Figure 5A,
bottom), suggesting that indeed, the essential function of
the OB2 domain lies in mediating efficient import of Cdc13
into the nucleus and that this function is associated with
the region 325-350 of OB2. Deleting the karyopherin Msn5
(Kap142) causes a significant shift of Cdc13 localization to
the cytoplasm and an enhancement of the mislocalization of
the Cdc13-1 protein, a phenotype that was also reported for
the Rfal and Rfa2 proteins of RPA in misn5 A cells (53). In
addition, Msn5 had already been described as a phenotypic
enhancer for the cdcl3-1 allele (51). It is therefore reason-
able to propose that nuclear import of Cdcl3 is mediated
by its NLS at a.a. 325-349 and that Msn5 contributes to

it. However, Msn5-mediated nuclear localization can only
be part of the import mechanism, given that a deletion of
MSNS5 is viable, yet nuclear localization of the Rfal, Rfa2
and Cdcl3 proteins is essential for their function. Currently,
we do not know what other and redundant pathways ensure
import in the absence of Msn5. Specifically for the Cdc13-1
protein, we cannot completely exclude an additional contri-
bution of the Sanl-mediated protein degradation pathway
to the observed phenotypes (51,54).

Our co-immunoprecipitation approach confirmed previ-
ous suggestions of an area in OBI (a.a. 80-120) that is im-
portant for dimerization of the protein (Figure 7C). In ad-
dition, the detailed analysis of the newly constructed alle-
les (OB2A, OB3-13m) shows that Cdcl3 dimerization oc-
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curs constitutively and that dimerization is not dependent
on DNA binding (Figures 7, 8 and Supplementary Fig-
ure S6). These data therefore predict that the stoichiom-
etry of the CST complex is not a simple 1:1:1 ratio, as
would be expected from a strict RPA parallelism. Rather,
the results strongly suggest that Cdc13 functions as a dimer
for the telomerase recruitment function, perhaps indepen-
dently from the Stnl-Tenl proteins (35). There is evidence
for such an altered stoichiometry with at least two Cdcl3
molecules in the CST complex also for the C. glabrata CST
(30). While the data suggest a contribution to dimeriza-
tion by the OB3 domain (Supplementary Figure S6E), it is

possible that this particular protein is misfolded and can-
not assume any function anymore. Nevertheless, the Cdc13-
OB2A and the Cdc13-1 proteins, which both have a wt OB1
and OB3 do dimerize (Figure 7 and Supplementary Fig-
ure S6E) and both mislocalize to the cytoplasm (Figures
3 and 5). Therefore, dimerization occurs in the cytoplasm,
presumably before nuclear import for the wt protein and is
independent from DNA binding (Figures 3, 7 and 8). We
speculate that dimerization of Cdcl3 may be required to
render the protein stable. Consistent with this possibility,
mutations that delete the dimerization area in OB1 (Cdcl13-
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obl A, Figure 1) cause a destabilization of Cdcl3 (Figure
1C, Supplementary Figure S1D).

Interestingly, an inspection of the crystallized OB2 do-
main shows that in fact there is no structural information
on the newly discovered NLS region (a.a. 325-350) in OB2.
The first a-helical segment that is recognizable in the struc-
ture for OB2 starts at a.a. 348 and the classical OB fold is
contained between a.a. 355 and 475 (29). Therefore, we pro-
pose that there is a new separate functional element, com-
prising the ¢cNLS (325-350) between the RD domain and
the actual OB2. This NLS domain mediates nuclear im-
port and is essential for the in vivo function of Cdcl3. Fur-
ther, our data are consistent with the idea that the cdci3-1
(P371S) mutation interferes with NLS function. In the ab-
sence of structural information of the whole protein, one
can only speculate on the changes that occur in the Cdc13-
1 protein. We suppose a temperature-aggravated structural
change of this area of the protein may cause an occlusion of
the nearby NLS, leading to an absence of the protein from
the nucleus and hence the observed phenotypes. Our results
also show that DNA binding is required for nuclear reten-
tion of Cdcl3 (Figures 3 and 8). Hence in a DNA bind-
ing mutant (the cdcl3-0b3-13m allele), the protein displays
a non-discriminate nuclear and cytoplasmic distribution.
We interpret these data to mean that any Cdcl3 protein
not bound to DNA may be released to the cytoplasm, fol-
lowed by cycles of import and export. For the wt protein,
this would help prevent association of free Cdcl3 to non-
telomeric sites where it could stimulate inappropriate new
telomere synthesis. Such non-telomeric DNA association is
possible and Cdcl13 phosphorylation has been proposed as
one mechanism to limit off-target telomere formation (55).
Our data here suggest that Cdcl13 release to the cytoplasm
has a major contribution to that genome stabilizing mech-
anism.

Our conclusions neatly rationalize and explain a plethora
of data in the relatively extensive literature that uses cdci3-
1 as a DNA damage and checkpoint inducing system. In
addition, mutations with similar cytoplasmic mislocaliza-
tion have recently been described for the hCTCI1 protein
that is part of the human CST (42). The alleles causing
cytoplasmic localization phenotype in human cells are di-
rectly associated with the rare, but severe Coats Plus dis-
ease, a syndrome that now is part of telomere associated
diseases (56-58). Strikingly, disease-causing CTCI alleles
as well as the cdc13-1 allele cause cellular pathologies that
are related to telomere dysfunction, but not necessarily with
short telomeres (42). In addition, in both systems accumu-
lation of single-stranded DNA appears to be a key charac-
teristic associated with these alleles. Finally, certain hCTCl1
alleles cause a loss of telomerase-mediated lengthening con-
trol, a feature that is also associated with cdc/3—1 at semi
permissive temperature or after the loss of the OB4 domain
((35); Figures 1 and 4). Therefore, given the overall struc-
tural and functional similarities between the budding yeast
Cdcl3 and the human CTCI1, we propose that the yeast
cdcl3—1 allele could be used as a model system for investiga-
tions on treating the human disease caused by hCTC1 mu-
tations. The results presented here would suggest that ap-
proaches stimulating nuclear import could become promis-
ing avenues in this regard.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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