Cdc13p: A Single-Strand Telomeric
DNA-Binding Protein with a Dual Role
in Yeast Telomere Maintenance
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The CDC13 gene has previously been implicated in the maintenance of telomere integrity
in Saccharomyces cerevisiae. With the use of two classes of mutations, here it is shown
that CDC13 has two discrete roles at the telomere. The cdc13-2°t mutation perturbs a
function required in vivo for telomerase regulation but not in vitro for enzyme activity,
whereas cdc13-1* defines a separate essential role at the telomere. In vitro, purified
Cdc13p binds to single-strand yeast telomeric DNA. Therefore, Cdc13p is a telomere-
binding protein required to protect the telomere and mediate access of telomerase to

the chromosomal terminus.

The activity of the telomerase enzyme,
which replicates telomeres, has been pro-
posed to be a determinant of the replicative
potential of cells (I, 2). Cells without the
ability to replicate their chromosomal ter-
mini gradually shorten their telomeres and
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eventually exhibit cellular senescence (3,
4). However, telomerase activity is present
in some human cell lines (5) that display
telomere shortening (1, 6), which suggests
that regulatory factors control this enzyme
in vivo. Information is lacking about the
regulation of this enzyme and how telomer-
ase interacts with proteins present at the
chromosomal terminus as both telomerase
and single-strand telomeric DNA-binding
proteins have not been identified in a ge-
netically manipulatable system such as
yeast.

We have screened for mutants of S. cer-
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evisiae with a phenotype similar to a telo-
merase defect and have identified four
genes: the previously identified ESTI gene
(EST, ever shorter telomeres) (7) and three
additional genes, EST2, EST3, and EST4
(8). Mutations in these genes result in phe-
notypes that are virtually identical to those
observed when a known component of telo-
merase, the yeast telomerase RNA TLCI
gene (3), is deleted: telomeres become pro-
gressively shorter and each mutant strain
displays a senescence phenotype. In addi-
tion, multiple mutant combinations be-
tween the TLCI and EST genes show no
enhancement of phenotype relative to that
displayed by any single mutant strain (8).
This finding implies that the four EST
genes encode either components of telo-
merase or other factors that are required in
vivo for the telomerase pathway.

The EST4 locus was represented by a
single allele, est4-1. Cloning of the wild-type
gene by complementation of the senescence
and telomere phenotypes of the est4-1 strain
identified several genomic clones contain-
ing the previously identified CDCI3 gene
(9). Plasmid gap repair of the est4-1 muta-
tion localized the mutation to a region in-
ternal to the CDCI3 gene. Genomic re-
placement in a wild-type strain with the
gap-repaired mutant allele resulted in a
strain that was phenotypically identical to
the original est4-1 strain (10); this demon-
strated that the est4-1 mutation was a novel

Fig. 1. The cdci13-1* and
cdet3®  o13-2%" mutations be-
1x have differently in a tic?1-A
strain. (A) Southern blots to
assess telomere-shortening
phenotypes, using a poly-
[d(GT/CA)] probe, were per-
formed as described (7).
Lane 1, cdc13-2%/CDC13,
tle1-A:LEU2/TLC1T diploid
parent to the haploid strains
inlanes 2to 12. Lanes 2, 12,
13,and 16,CDC13* TLC1+.
Time points for ~25 and
~50 generations of growth
are shown for the CDC13*
TLC1* and cdc13-1 strains,

and time points for ~25, ~38, and ~50 generations are shown for all other strains (28). The strains for
lanes 1 to 12 were grown at 30°C, and for lanes 13 to 16 at 23°C. The bracket indicates a heteroge-
neous telomeric band that represents about two-thirds of the telomeres in this strain; in occasional
haploid segregants (both mutant and wild-type) this band divides into two subbands. Arrows show
additional individual telomeric restriction fragments corresponding to a second class of telomeres
lacking the subtelomeric repeat Y', which results in a different restriction pattern (29). The reduction in
telomere length over time (A1x-3x) was determined for three different telomeres, for five to six haploid
strains for each genotype (30). (B) Isogenic freshly germinated spores with the indicated genotypes (28)
were examined for progressive growth defects by streaking for single colonies three to four times in

succession on rich-media plates incubated at 23°C. A total of 15 to 31 different isolates were examined for each genotype from four to six different
experiments; although similar results were always obtained for each genotype, it is difficult to more quantitatively assess this phenotype. Each time point
represents ~25 generations of growth (1x, 2x, and 3x correspond to ~25, ~50, and ~75 generations of growth, although this is an approximate estimate
because of the difficulty of accurately determining the number of cell divisions in a rapidly senescing strain). Because the senescence phenotype of cdc13-2°%
is slightly delayed relative to that of the null tic7-A mutation (8), the time points of the cdc13-2%%! streakouts displayed here are offset by ~25 generations
relative to the other streakouts. (C) Dilutions of strains of the indicated genotypes were spotted on rich media and grown at the indicated temperatures.
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allele of CDC13, referred to hereafter as
cdc13-2". The CDC13 gene had previously
been implicated in telomere function, as
suggested by the rapid loss of one strand of
the telomere that occurs in a cdc13-1" strain
at nonpermissive temperatures (9, 11).
However, cdcl3-2%" exhibited none of the
conditional lethality or cell-cycle arrest phe-
notypes of the cdcl3-1% strain (12), and
extensive single-strand telomeric DNA was
not observed in the cdcl3-2°" mutant (13).
The identification of two alleles of CDC13
(14) with distinct phenotypes suggested that
this gene has two discrete functions.

To investigate whether these two muta-
tions altered different aspects of telomere
function, we eliminated the telomerase
RNA gene (TLCI) in cdcl3-1* and cdcl3-
2% strains. A cdc13-2" tcl-A double mu-
tant strain exhibited the same degree of
telomere shortening as displayed by either
tlc1-A (telomerase-minus) or cdcl3-2°* sin-
gle mutants, and all three strains had similar
senescence phenotypes (Fig. 1, A and B).
The lack of an enhancement of phenotype
in the double mutant suggests that cdcl3-
2%t perturbs a function of CDCI3 that is
required for the telomerase pathway. In
contrast, a synthetic phenotype was ob-
served in a tlc1-A strain that also contained
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Fig. 2. The cdc13-2°st mutation does not elimi-
nate telomerase activity in vitro. Yeast telomerase
assays using column fractions (78) were assayed
as described (26), except that [a-32P]deoxythymi-
dine triphosphate (3000 Ci/mmol, 0.3 mM) and
deoxyguanosine triphosphate (50 mM) were used
as the nucleotide triphosphate substrates. Lane 7
is a mixture of tic7-A and TLC1+* (WT) extracts.
Reactions in lanes 1, 2, 7, 8, and 9 were done in
the presence of 1 mM adenosine triphosphate
(ATP), which stimulates yeast telomerase proces-
sivity (26). The cdc13-2°t and CDC13* strains
were isogenic to those used in Fig. 1 (28); the
tic1-A and TLC1* genotypes were assayed in a
protease-deficient strain background.
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the cdcl3-1% allele. Alone, the cdcl3-1%
strain did not exhibit either senescence or
telomere shortening at 23°C (15), but this
strain was inviable above 26°C (Fig. 1C)
(16). However, the cdcl3-1% tlc1-A double
mutant strain was inviable above 23°C (Fig.
1C), and the senescence behavior of this
strain was exaggerated relative to that of a
tlcl-A strain (Fig. 1B). Therefore, the
cdcl3-1% allele alters a separate aspect of
Cdc13p that is required for maintaining the

telomere in conjunction with telomerase.
The similarity in phenotypes displayed
by the tlcI-A and cdcl3-2°" mutant strains
suggested that telomerase activity, which is
eliminated in a tlcI-A strain (17), might
also be affected in the cdcl3-2% strain.
However, in extracts prepared from the
cdcl3-2% strain (18), telomerase activity
was present in amounts comparable to that
exhibited by a wild-type strain, whereas
activity was absent in extracts from a strain
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Fig. 3. Cdc13p binds specifically to single-strand
yeast telomeric DNA substrates, (A) Telomeric C— 1.00 £0.24
DNA gel shift assay (37) of purified Cdc13 and 1) o —— -615
e e—

Cdc 132t proteins (79) at 20 nM, or an equivalent
volume of mock purified preparation, with 500 pM
end-labeled yeast d( TGTGTGGG), oligomer. The
arrow indicates purified wild-type or mutant
Cdc13p. (B) Variations in the sequence of the yeast DNA d( TGTGTGGG), oligomer abolish binding; all
oligomers were at 500 pM, and 50 nM Cdc13p was added, as indicated. (C) Telomeric DNA gel shift
assays of Cdc13p (50 nM) in the presence of various competitors, with 500 nM labeled d( TGTGTGGG),
oligomer (lane 1, no protein added; lane 2, no competitor added). Unlabeled competitors were added at
amolar excess of 1, 10, or 100, as indicated, relative to the labeled d( TGTGTGGG), oligomer [Oxytricha
telomeric oligomer, d(T,G,),; human telomeric oligomer, d(T,AG,),; random-sequence oligomer,
d(AGCGGATAACAAT TTCACACAGGA)). The additional band appearing in lanes 1 and 6 is an intermo-
lecular structure that forms as a result of the high oligonucleotide concentrations used in these sub-
strate-excess mobility shifts. Oligonucleotide secondary structure is not required for Cdc13p binding, on
the basis of criteria including tolerance to lithium ions and affinity for sequences that do not readily form
secondary structures (20). (D) Apparent binding affinity constant (K,) values of Cdc13p binding to a
panel of substrate variants. Substrates 1 to 7 and 10 contain 24 nucleotides (nt), and substrates 8 and
9 contain 48 nt, respectively, of d(G,_,T) sequences; random sequences were 15 nt long, except for
substrates 6 and 7, with 20 nt on the 3’ end. Means and SDs shown represent half-binding points, with
a dilution series of Cdc13p and oligonucleotide concentration fixed at 20 pM, in three separate gel-shift
experiments involving two protein preparations, as quantitated by Phosphorimager analysis (37). In-
creased incubation time or reduced oligonucleotide concentrations did not alter binding characteristics
(20), indicating that equilibrium was achieved and oligonuclectide concentration was sufficiently low.
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deleted for TLCI (Fig. 2). These data show

that the cdcl 3-2% mutation defines a func-

tion of CDCI3 that is required in vivo for

regulation of telomerase but not in vitro for
enzyme activity.

Although Cdcl3p does not have se-
quence features that would suggest it is a
DNA-binding protein, the appearance of
single-strand telomeric DNA that occurs in
the cdcl3-1% strain (9, 11) could be the
result of the loss of a CDC13-encoded tel-
omere-binding activity. To test this hypoth-
esis, we assessed the ability of purified
Cdc13p (19) to bind yeast telomeric sub-
strates. As assayed by gel mobility shifts,
Cdc13p bound to several single-strand G-
rich yeast telomeric oligomers, with a bind-
ing affinity of ~0.3 nM (Fig. 3, A and D).
No binding was observed to five random-
sequence oligomers of equivalent size (20),
and conversion of the yeast deoxynucle-
otide oligomer d(G, ;T) to d(C,_;A),
d(C,_;T), or d(G,_3A) abolished binding
(Fig. 3B). However, Cdc13p was capable of
binding to human and ciliate G-rich telo-
meric sequences (Fig. 3C), although its
binding affinity was about one-tenth of that
for yeast substrates (21). Although binding
to fully duplex telomeric substrates was
greatly reduced, Cdc13p bound equally well
to a number of partially duplex substrates,
which indicates that binding does not re-
quire a free 3’ terminus and is not enhanced
by duplex telomeric DNA at the 5’ end
(Fig. 3D). Although this result implies that
Cdc13p binding alone is not specific for the
very end of the chromosome, Cdc13p ge-
netically interacts with another single-
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Fig. 4. A model for regulation of telomerase by a
telomere-binding protein. Cdc13p is shown
bound to the single-strand G-rich extension
present at the end of the chromosome (32), both
protecting the chromosome end from degrada-
tion and mediating telomerase action. Telomer-
ase access could occur by a direct interaction
between Cdc13p and the enzyme, as shown, or
through an intermediary protein. In the cdc13-
2°st mutant, telomerase access is compromised;
in the cdc13-1% mutant, protection from degra-
dation is lost.
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strand telomeric DNA-binding protein,
Estlp (22), which does require a free 3’
terminus for binding (23).

Single-strand telomeric DNA-binding
proteins have been identified in the cili-
ates and Xenopus (24), but it has not been
possible to test their role in telomerase
regulation in vivo. We propose that
Cdcl3p is a yeast single-strand telomeric
DNA-binding protein and that this pro-
tein functions in two distinct roles at the
telomere (Fig. 4). First, Cdc13p is required
to protect the end of the chromosome,
which is essential for cell viability. Sec-
ond, Cdc13p serves as a positive regulator
of telomerase by mediating access of the
enzyme to the chromosomal terminus; this
telomerase-loading activity is abolished by
the cdcl13-2%" mutation. Consistent with
this model, the Cdc13°* mutant protein
binds telomeric DNA (Fig. 3A), and ex-
tracts from cdcl3-2%" mutant strains have
wild-type amounts of telomerase activity
(Fig. 2). Previous studies on the connec-
tion between telomere length mainte-
nance and cellular senescence have fo-
cused on telomerase as a primary determi-
nant of cellular replicative capacity (3, 4,
25). Our results demonstrate that compo-
nents of telomeric chromatin can also play
a critical role in determining the senes-
cence process. Regulation of telomerase in
mammalian systems (I, 5, 6) may also
require factors similar to those described
here.
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(pH 7.8), 756 mM KCI, 2.5 mM MgCl,, 0.1 mM
EDTA, 1 mMdithiothreitol, 3% Ficoll,and polydeoxy-
inosinic-deoxycytidylic acid [poly(di-dC)] (100 pg/
ml). Protein and oligomers were added sequentially
at 5-min intervals, incubated for 5 to 10 min at room
temperature, and electrophoresed through a 5%
nondenaturing polyacrylamide gel in 1X tris-borate
EDTA at 200 V. Single-strand oligomers were heat-
denatured and snap-cooled on ice to minimize the
formation of secondary structures. In competition
assays, labeled oligomers were mixed with the in-
dicated molar excesses of unlabeled competitor
before heat denaturation. Duplex oligomers were
annealed in 50 mM NaCl by heating to 95°C for 2

min and cooling to ambient temperature over a
60-min interval before the binding assay; results for
K, assays were independent of which strand was
labeled. In K, assays, reactions were incubated on
ice for 30 to 60 min and gels were run at 4°C;
reactions for substrates 1 to 9 did not contain
poly(dl-dC). Protein concentration was determined
by amino acid analysis and by quantitative compar-
ison to bovine serum albumin standards using
SDS-polyacrylamide gel electrophoresis (PAGE)
followed by Coomassie staining, which gave com-
parable results (within 15%). Coomassie gels and
gel shifts were quantitated with a scanning
densitometer or Phosphorlmager, respectively,

Visualization of Gene Expression
in Living Adult Drosophila

Manuel Calleja, Eduardo Moreno, Soraya Pelaz, Ginés Morata*

To identify genes involved in the patterning of adult structures, Gal4-UAS (upstream
activating site) technology was used to visualize patterns of gene expression directly in
living flies. A large number of Gal4 insertion lines were generated and their expression
patterns were studied. In addition to identifying several characterized developmental
genes, the approach revealed previously unsuspected genetic subdivisions of the thorax,
which may control the disposition of pattern elements. The boundary between two of
these domains coincides with localized expression of the signaling molecule wingless.

The adult structures of Drosophila are sub-
divided into compartments in which pat-
terning and growth are controlled by the
heritable activities of selector genes (1) and
by signals generated as a result of interac-
tions between cells across compartment
boundaries (2). However, there are few
compartments; each segment is subdivided
into anterior and posterior compartments,
and only thoracic segments are further sub-
divided into dorsal and ventral and possibly
trunk and appendage compartments (3).
These compartments define large domains,
which ultimately are composed of thou-
sands of cells; little is known about how
they are further subdivided genetically.
Adult structures are differentiated by “imag-
inal” cells, which proliferate after the larval
patterns are completed (4). Whereas a great
deal is known about the genetic cascade
[see (5) for an overall description] leading
to generation of larval patterns, much less is
known about the genetics of pattern forma-
tion in the adult, although progress recently
has been made concerning how appendages
develop (2, 6). Some genes are used during
both embryogenesis and imaginal develop-
ment, but others such as vestigial (vg), apter-
ous (ap), nubbin (nub), Dorsal wing (Dlw),
and fringe (frg) have their primary role in
the adult (7), indicating that adult patterns
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have their own specificity.

To search for specific adult pattern
genes, we modified the Gal4 enhancer trap
method (8) so that we can observe the
consequences of Gal4 activity directly in
living flies. Our approach uses an upstream
activating site (UAS) construct (9) con-
taining the cDNA of the yellow (y) gene.
The gene y is responsible for the normal
pigmentation of adult cuticle and bristles all
over the body. Flies mutant for yellow (y~)
are of yellow color and are clearly distinct
from the wild type. The y~ mutations tra-
ditionally have been used as gratuitous
markers in genetic mosaic experiments and
do not affect viability or fertility. Flies that
express Gal4 will express the y* product
under control of the UAS. When expressed
in a y~ fly, the body domain in which the
y* gene is turned on by Gal4 will appear as
a patch of y* territory on a y~ background,
and this y* tissue will be detectable under
the dissecting microscope.

To determine the developmental period
in which the Gal4 product has to be present
to produce detectable y* rescue, we used a
hsp70-GAL4 construct (10) to induce con-
trolled synthesis of the Gal4 product. Single
90-min pulses were given to different batch-
es of hsp70-GAL4/UAS-y larvae or pupae
grouped according to age with respect to
the time of puparium formation, and the
emerging adults were inspected for y* res-
cue. Heat shocks given at or after the sec-
ond half of the third larval period are able
to produce y* rescue. All genes known to
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be involved in the patterning of adult struc-
tures are expressed at the end of the third
larval instar (2, 6, 7). Thus, y© expression
under Gal4 control should be able to detect
gene expression not only during late pupal
stages when the adult cuticle is being
formed but also much earlier when pattern-
ing genes are active. Our finding of inser-
tions in several known developmental
genes (see below) supports this notion.

We mobilized the transposon pGawB
(11), a Gal4-containing P element (8), to
produce lines that express Gal4 in a manner
that reflects the expression pattern of the
genes where the transposon inserted. Each
insertion was tested indiscriminately in a
cross with the UAS-y gene construct. Of
1020 insertions, 447 (44%) gave partial or
total y* rescue in adult flies (see Table 1 for
details and different classes of expression).
However, the majority of the lines failing to
give y* rescue correspond to insertions in
which the GAL4 gene is inactive, as more
than 90% of them (56 from a sample of 59)
also fail to show any embryonic expression
when tested with a UAS-lacZ construct (8,
12). Considering only those lines in which
the pGawB is active, about 90% of them
produce detectable y* rescue in adult flies.
The implication is that the majority of the
Drosophila genes are expressed in imaginal
cells and are detectable by our method.

We are interested in the lines with y*
rescue that is restricted to specific and
well-delimited body regions (Table 1).
These lines contain insertions in genes
that may be involved in developmental
processes specific to the structures in
which they are expressed. Moreover, these
lines can provide information about how
adult patterns are genetically subdivided.
An additional technical advantage of the
screen is that it provides a collection of
Gal4 driver lines that express Gal4 strong-
ly enough to yield detectable adult expres-
sion and therefore are very useful in gene-
targeting experiments.

We isolated 27 lines that express y* in a
region-specific manner. Nine of them were
later found to be insertions in known de-
velopmental genes (13): Distal-less (DIl),
caudal (cad), apterous (ap), optomotor-blind



