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The Saccharomyces cerevisiae DNA-binding protein RAP1 is capable of binding in vitro to sequences from a
wide variety of genomic loci, including upstream activating sequence elements, the HML and HMR silencer
regions, and the poly(G,_;T) tracts of telomeres. Recent biochemical and genetic studies have suggested that
RAP1 physically and functionally interacts with the yeast telomere. To further investigate the role of RAP1 at
the telomere, we have identified and characterized three intragenic suppressors of a temperature-sensitive allele
of RAP1, rap1-5. These telomere deficiency (rapI’) alleles confer several novel phenotypes. First, telomere tract
size elongates to up to 4 kb greater than sizes of wild-type or rapl-5 telomeres. Second, telomeres are highly
unstable and are subject to rapid, but reversible, deletion of part or all of the increase in telomeric tract length.
Telomeric deletion does not require the R4D52 or RADI gene product. Third, chromosome loss and
nondisjunction rates are elevated 15- to 30-fold above wild-type levels. Sequencing analysis has shown that each
rapl’ allele contains a nonsense mutation within a discrete region between amino acids 663 and 684. Mobility
shift and Western immunoblot analyses indicate that each allele produces a truncated RAP1 protein, lacking
the C-terminal 144 to 165 amino acids but capable of efficient DNA binding. These data suggest that RAP1 is
a central regulator of both telomere and chromosome stability and define a C-terminal domain that, while

dispensable for viability, is required for these telomeric functions.

Telomeres, the structures present at the ends of linear
eukaryotic chromosomes, are essential for the stability and
complete replication of the chromosome. Telomeric DNA,
at its extreme terminus, is composed of a variable number of
simple sequence repeats. These repeats usually contain a
G-rich strand, oriented in a 5'-to-3' direction toward the
terminus. In contrast to other genomic sequences, telomeres
are replicated inexactly. The size and, in some organisms,
the sequence of an individual telomere vary among different
cells of a population (60). The average size of telomeric DNA
appears to be maintained through a regulated equilibrium
between the loss and gain of telomeric sequences (36, 45, 46,
60). One component involved in this process is the ribonu-
cleoprotein complex telomerase (16-18, 37, 48, 49, 59). This
enzyme, identified in both ciliate and mammalian cells, is
capable of catalyzing the addition of the G-rich simple
sequences onto the 3’ end of single-stranded substrates,
utilizing a sequence within its RNA component as a tem-
plate. A similar activity is likely to explain the properties of
telomere addition in yeasts and other organisms in which
telomerase has not yet been identified (60). The essentiality
of maintaining telomeric sequences is underscored by the
recombinational instability, chromosome loss, and lethality
caused by loss of part or all of telomeric DNA (34, 60).

Telomeres are packaged in vivo into unique nonnucleoso-
mal complexes, formed in part by the association between
telomeric DNA and specific nonhistone telomere-binding
proteins (2, 5, 14, 15, 41-44, 58). Although the functions of
these complexes remain unknown, they are likely to partic-
ipate in the regulation of telomere size and stability, possibly
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by controlling the accessibility of the telomere to terminal
addition, degradation, or recombination.

Proteins capable of specific binding to telomeric DNA
have been identified in a number of organisms, including
ciliates, protists, yeasts, and humans (4, 9, 19, 32, 33, 41).
The most abundant telomere-binding activity of the yeast
Saccharomyces cerevisiae is the multifunctional protein
RAP1 (4, 33, 50). RAP1 binds in vitro to sequences from a
variety of genomic loci, including the upstream activating
sequences of a large number of genes, the silencer regions
adjacent to the cryptic mating-type information present at
HML and HMR, and sites embedded within the telomeric
poly(G,_3T) tracts. The phenotypes of both rapl mutants
and strains overproducing RAP1 have demonstrated that this
protein is likely to act in all three functions in vivo (8, 12, 20,
28, 35, 54). Although disruptions within the RAPI gene
result in cellular inviability (50), the essential function of
RAPI has not been identified. The mechanism of RAP1
action in these seemingly disparate roles remains unknown.

Several lines of evidence suggest a functional role for
RAPI at the telomere. First, recessive rapI* mutations that
exhibit temperature-dependent decreases in poly(G; ;T)
tract size have been identified (8, 35). Conversely, overpro-
duction of RAP1 results in a dose-dependent elongation of
telomere tracts (8). Second, mutations within RAP1 binding
sites of synthetic telomeres result in a significant decrease in
the efficiency and fidelity of telomere addition in a plasmid
telomere healing assay (35). Finally, RAP1 has been identi-
fied in telomeric chromatin fractions (8, 58).

In this report, we describe the genetic and molecular
characterization of three novel intragenic suppressors of a
temperature-sensitive rapl allele (28, 36). These suppressors
(called rapl* to indicate telomere deficiency) result both in
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promiscuous telomere elongation and deletion and in chro-
mosome destabilization. The molecular characterization of
these suppressors has identified a C-terminal domain critical
for the regulation of telomere size in yeast cells.

MATERIALS AND METHODS

Plasmids. Plasmid p784.4 (kindly provided by C. Newlon
and V. Zakian) contains a 3.5-kb EcoRI fragment derived
from sequences =2.3 to 5.8 kb from the left arm of chromo-
some III (cIII; ) (39). pKB1 and pKB2 contain the telomere-
proximal 900-bp EcoRI-Sall fragment of p784.4 and the
2.3-kb Sall fragment of p784.4, respectively, subcloned into
pUC19. pKB2 also has weak homology to one of the
telomeres of chromosome XI.

pUC19/1-17, pUC19/1-18, and pUC19/1-19 contain the
polymerase chain reaction (PCR)-amplified EcoRI fragments
(see below) from rapl-17, rapl-18, and rapl-19 strains,
respectively, cloned into the EcoRI site of pUC19, so that
the downstream EcoRI site is adjacent to the Xbal site
within the polylinker. pM1-11 is a centromeric plasmid
containing TRP1 and ARSI sequences (28) and has a unique
EcoRI cloning site. pD130 (kindly provided by D. Shore)
contains the wild-type RAPI gene cloned into the EcoRI site
of pM1-11 (28). Plasmids pM1-11/1-17, pM1-11/1-18, and
pM1-11/1-19 contain the EcoRI fragments from pUC19/1-17,
pUC19/1-18, and pUC19/1-19, respectively, cloned into
pM1-11.

pRS316y is identical to the URA3-containing centromeric
(CEN) plasmid pRS316 (52) except for elimination of the
unique HindIII site by a filling-in reaction. pRS316,,/1-5 was
derived by cloning the EcoRI-Xbal fragment, containing the
rapl-5 gene, from pUC19/rapl-5 (kindly provided by D.
Shore) into pRS316y,. For restriction fragment substitutions,
the 1.2-kb Sphl-Xbal fragments (containing the C-terminal
third of RAPI) from pUC19/1-17, pUC19/1-18, and pUC19/
1-19 were used to replace the corresponding fragments in
PRS3161-5. The Sphl-Xbal fragments of the cloned rapl*
alleles are 75 bp smaller than the corresponding rapl-5
fragment, since the Xbal site is derived from polylinker
sequences 25 bp downstream of the EcoRI site in pUC19.
The resulting plasmids (pRS316/1-17, pRS316,,/1-18, and
PRS31644/1-19) contain wild-type RAPI information from the
natural EcoRI site (nucleotide —407) to the internal SphlI site
(nucleotide 2360) and rapl‘ information from the Sphl site
(nucleotide 2360) to nucleotide 3575 in the 3’ noncoding
region (see Fig. 8).

pRS315/RAP was formed by ligation of the EcoRI-Xbal
fragment of RAPI into the polylinker of the LEU2-contain-
ing CEN plasmid pRS315 (52). pV-R-URA3-TEL and padh:
URAS3-TG (kindly provided by D. Gottschling) were used to
position URA3 adjacent to both telomeric and nontelomeric
poly(G,_5T) tracts (13).

Yeast strains and growth. All of the studies described here
were conducted with strains isogenic to W303a (MATa
ura3-1 his3-11,15 leu2-3,112 trpl ade2-1 canl-100). The
rapl-5 strains YDS410 and YDS411, as well as isogenic
backcrossed derivatives of these strains, were used for the
generation of suppressors (28, 35). Haploid strains used for
determination of the rates of artificial chromosome (AC) loss
were derived from sporulation of diploids having the geno-
type MATo/MATa ade2-1/ade2-1 trpl/trpl ura3-1/ura3-1
HIS3/his3 leu2-3,112/leu2-3,112 AC: SUP11 URA3 but dif-
ferent RAPI genotypes. AJL273 is heterozygous for rapI-18;
AJ1.274, AJL278, and AJL307 are heterozygous for rap1-17;
AJL283 and AJL.284 are heterozygous for rapl-5; and AJL
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275 and AJL306 are homozygous for the wild-type copy of
RAPI.

Diploid strains used for chromosome loss assays were
AJL306, AJL307, AJL308 (rapl-17/rapl-17; otherwise iso-
genic to AJL306), and AJL308/RAP (derived from AJL308
by the introduction of pRS315/RAP). Strains used for PCR
amplification and extract isolation were AJ1.274-1d (rapl-
17), AJL256-16d (rapI-18), and SG38 (rapl-19). Strain
YDS203-2d [MATa RAPI::LEU2 pD145 (CEN RAPI URA3
SUP4-0) ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1] has been
previously described (28). Strains GK15, GK16, GK17,
GK18, GK19, GK20, GK21, and GK22 are isogenic to
YDS203-2d but contain plasmids pM1-11/1-17, pM1-11/1-18,
pM1-11/1-19, pD130, pRS31644/1-17, pRS316.,/1-18,
PRS3164/1-19, and pRS316,/1-5, respectively, in place of
pD145 and were derived by plasmid shuffles (3, 28; see
below).

The URA3 gene was introduced into a wild-type strain
adjacent to a truncated version of chromosome V as previ-
ously described (13). To generate rapl-17 strains containing
this marked telomere, transformants were crossed to
AJ1.278-4d (MATa rapl-17 ade2-1 ura3-1 HIS3 leu2-3,112
trpl), and the subsequent diploid was sporulated. The URA3
gene, in the presence of an adjacent 80-bp poly(G,_;T) tract,
was introduced into the ADH4 gene as previously described
(13). Transformants were crossed to AJL.278-4d, and the
resulting diploids were sporulated. In each case, the struc-
tures of the relevant regions were confirmed by both South-
ern and genetic analyses.

For the introduction of radl and rad52 mutations,
W839-11D (MATa RAPI ade2-1 ura3-1 his3 rad52::TRP1
radl::LEUZ2; kindly provided by R. Rothstein) was crossed
to AJL278-4d, and the resulting diploid (AJL330) was sporu-
lated. rap1-17 rad52, rapl-17 radl, and rapl-17 radl rad52
strains were identified by detection of nonparental ditype
tetrads.

Methods for the manipulation of yeast strains and for the
preparation of media were as described elsewhere (47). For
subculturing studies, strains were grown on solid media,
each round of subculturing proceeding through growth of a
single colony (35, 36).

Generation of cold-sensitive suppressors of temperature-
sensitive lethality. For the identification of spontaneous sup-
pressors of temperature-sensitive lethality, =10° cells, de-
rived from independent colonies of rapI-5-containing cells,
were spread onto individual YPD plates, and the plates were
incubated at 37°C for 3 to 5 days. Colonies capable of growth
at 37°C were identified and replated at 37°C. Candidate
suppressors were subsequently tested for the ability to grow
at a variety of temperatures. After screening of =750 tem-
perature-resistant derivatives of rapl-5, eight strains that
conferred slow growth at 25°C were identified. Of these,
three suppressors (rapl-17, rapl-18, and rapl-19; collec-
tively termed the rapl’ alleles) that had substantially in-
creased telomere tract length and heterogeneity were iden-
tified. All three suppressors segregated 2:2 for both growth
rate and telomere tract elongation in crosses to rapl-5 and
wild-type strains and for temperature-sensitive suppression
in crosses to rap1-5 strains. Cosegregation of the phenotypes
was maintained over repetitive rounds of backcrossing.

Identification of telomere fragment lengths. Overall telo-
mere fragment lengths were determined by probing blots of
Xhol-digested genomic DNA with nick-translated poly(dG-
dT) - poly(dC-dA) [poly(GT)] (36). In these blots, telomeres
adjacent to the subtelomeric Y’ element, containing a con-
served Xhol site, give rise to fragments that contain 870 bp
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of Y' sequence and a variable length of poly(G,_;T) tract
(XY'-class telomeres; 46). Telomeres that contain only the X
subtelomeric repeat (X-class telomeres) lack the conserved
Xhol site and therefore give rise to larger telomeric frag-
ments.

For identification of telomere fragment lengths on cIII,
DNA was digested with Sall, which cleaves 3.2 kb from the
left terminus of chromosome III (39). Subsequently, South-
ern blots were probed with either pKB1 or the 900-bp
EcoRI-Sall fragment (telomere proximal to the Sall site)
derived from p784.4. Mean telomere lengths were deter-
mined by measuring the midpoint of the telomeric fragment
distribution. Telomere heterogeneity was determined by
measuring the difference between the largest and smallest
fragments within this distribution.

In genomic blots of Sall digests, the 2.3-kb Sall fragment
of pKB2 hybridizes predominantly to an internal fragment of
identical size that is located just telomere distal to the
terminal Sall site on cIII; . However, this fragment also has
weak homology to a telomeric fragment that we have
mapped by transverse alternating-field electrophoresis
(TAFE) to chromosome XI (data not shown). The chromo-
some XI (cXI) fragment was determined to be telomeric by
both its size heterogeneity, typical of telomeric fragments,
and its sensitivity to nuclease BAL 31 digestion. This
homology, which is the likely consequence of a degenerate X
repeat located in the 2.3-kb Sall fragment (39), allowed us to
determine the fragment lengths of the cXI telomere.

Determination of rapid deletion events. Strains containing
either the rap1-17 or rap1-18 allele were subcultured, and the
fragment lengths of clII; telomeres were determined. The
lengths of most cIII; telomeric fragments in these popula-
tions ranged from 3 to 4 kb. These cells were plated, and
individual colonies were identified after =25 generations of
growth. DNA was then isolated from 150 individual colonies
(50 from each of two rapl-17 strains and 50 from a rapl-18
strain), and the telomere fragment length of the cIII; telo-
mere was determined. Blots were stripped and reprobed
with pKB2. The predominant species on these blots is the
2.3-kb Sall fragment, demonstrating the absence of partial
Sall digestion products. These blots also served to deter-
mine telomeric fragment sizes from one of the cXI telom-
eres.

Nuclease BAL 31 digestions and tract length determination.
Nuclease BAL 31 digestions were performed as described
previously (57). High-molecular-weight DNA was digested
first with nuclease BAL 31, under the conditions indicated in
the legend to Fig. 4, and then with Sall. The resulting blots
were probed with pKB1, which identifies the left telomere of
chromosome III. Blots were subsequently stripped and
probed with sequences capable of hybridization to internal
restriction fragments. In every case, the mobilities of inter-
nal fragments were unchanged under conditions in which
telomeric fragments were degraded by nuclease BAL 31. To
determine tract length, blots were stripped and reprobed
with poly(GT). The tract length was determined by measur-
ing the extent of nuclease BAL 31 digestion required to
eliminate hybridization to poly(GT).

Chromosome loss assays. An artificial chromosome con-
taining the entire cIII; and a telocentric right arm containing
the SUP11 and URA3 genes was introduced into W303a as
previously described (53). Candidate transformants were
screened by restriction and TAFE analysis for the expected
150-kb chromosome fragment (11). This strain was subse-
quently crossed to either a wild-type, rapl-5, rapl-17, or
rapl-18 strain. Wild-type and mutant strains containing the
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artificial chromosome were identified after sporulation of the
resulting diploids.

As expected, wild-type and rapl-5 cells produce white
colonies on low-adenine synthetic medium (22, 24). In con-
trast, rapl-17, rapl-18, and rapl-19 strains all display a
weaker level of ochre suppression, giving rise to pink
colonies on low-adenine medium. Although the cause of this
reduction in suppression is not yet understood, it is not
dependent on the position of SUP11 near the telomere of the
artificial chromosome, since circular plasmids containing the
SUPI1 gene show an identical reduction in ochre suppres-
sion (data not shown). This property permits the visualiza-
tion of 2:0 (white:red) and 1:0 (pink:red) segregation events
in haploid strains. To confirm these identifications, white
and pink colonies were crossed to a wild-type strain lacking
the artificial chromosome, and the segregation of Ura and
Ade markers in tetrads derived from the resulting diploid
was analyzed. Diploids derived from pink colonies segre-
gated 2:2 (Ura® Ade*:Ura~ Ade™), while those derived
from white colonies predominantly segregated 4:0 (Ura*
Ade*:Ura~ Ade™). Restriction and TAFE analyses were
also used to confirm the presence or absence of the artificial
chromosome. Diploid strains carrying the artificial chromo-
some have similar characteristics. Wild-type or heterozy-
gous diploid strains containing zero, one, or two copies of
the chromosome yield red, pink, or white colonies, respec-
tively. In contrast, homozygous rapI‘/rapl® cells produce
orange colonies, while loss and gain events give rise to red
and pink colonies, respectively. These copy numbers were
confirmed in a subset of diploids through the analysis of Ura
and Ade markers in tetrads following sporulation. In addi-
tion, all red colonies tested were Ura~ and lacked the
artificial chromosome, as determined by TAFE analysis.

Two methods were used to determine the rate of chromo-
some loss. First, the overall rate of loss was determined by
the method of the median (22, 30). For each experiment, 10
colonies of identical size (0.3 to 0.4 mm), following growth at
25°C on either low-adenine or YPD medium, were sus-
pended in low-adenine medium, and part or all of the colony
was subsequently spread onto low-adenine plates. A propor-
tion of each colony was diluted and plated on complete
medium to obtain an estimate of the total cells within each
colony. No significant differences between the growth of
colonies containing or lacking the artificial chromosome
were observed under either set of growth conditions. Iden-
tical loss rates were observed regardless of whether colonies
were grown on low-adenine or rich medium before fluctua-
tion analysis. Fluctuation analysis was performed in multiple
wild-type, rap1-5, and rap1-17 haploid strains and in multiple
trials of wild-type and homozygous rapi-17/rap1-17 diploids.

As a second independent technique, the overall loss rate
and the frequencies of 2:0 and 1:0 segregation events were
determined by half-sector analysis in wild-type and rap1-17
strains (24). Rates determined by sectoring and fluctuation
analysis did not differ by more than twofold.

Subcloning and functional expression of rapl‘ alleles. The
mutant rapl® genes (rapl-17, rapl-18, and rapl-19) were
amplified from strains carrying these alleles by PCR, using
primers flanking the gene (1). Both upstream and down-
stream primers contained mismatches which created unique
EcoRI sites flanking the amplified gene (see Fig. 8). The
upstream and downstream primers were located at positions
508 to 534 and 3561 to 3579, respectively. The PCR products
were fractionated on agarose gels, and the full-length prod-
uct was electroeluted and precipitated.

For functional studies, pM1-11/1-17, pM1-11/1-18, and
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pM1-11/1-19 were transformed into yeast strain YDS203-2d
by spheroplast transformation (47). A plasmid shuffle was
then conducted by selection of canavanine-resistant cells
(28). The absence of the wild-type plasmid was confirmed by
Southern analysis. These strains contain the PCR-amplified
genes as the sole source of RAPL. Similarly, pRS316/1-17,
PRS3164,/1-18, pRS3164,/1-19, and pRS3164/1-5 were trans-
formed into strain GK18 by the lithium acetate method (47).
A plasmid shuffle was then performed by screening unse-
lected cells for the Trp~ phenotype, giving rise to strains
GK19 to GK22, respectively. These strains contain the
rapl-5 gene (GK22) or the hybrid genes (GK19 to GK21) as
the sole source of RAP1.

DNA sequencing. Double-strand sequencing of the Sphl-
Xbal fragment from pUC19/1-17, pUC19/1-18, and pUC19/
1-19 was performed by standard techniques (1), using over-
lapping sets of primers spaced at =300-bp intervals. The
region between the Sphl site and sequences downstream of
the nonsense codons was sequenced on both strands in each
case. Further sequencing of the rapil-17 gene demonstrated
the absence of any other mutations in the Sphl-Xbal frag-
ment. The primers used for the sequence of the coding
strand were as follows: primer 1A, positions 2311 to 2329;
primer 2A, positions 2585 to 2600; primer 3A, positions 2832
to 2848; primer 4A, positions 3101 to 3118; and primer 5A,
positions 3298 to 3310. The primers used for the sequence of
the noncoding strand were as follows: primer 1B, 2603 to
2623; primer 2B, 2872 to 2889; primer 3B, 3131 to 3147,
primer 4B, 3387 to 3403; and primer 5B, universal upstream
primer for M13 (New England Biolabs).

Mobility shift assays. Yeast whole-cell extracts were iso-
lated by liquid nitrogen lysis (1). Extracts were isolated from
the original wild-type and rapl’ strains as well as from
strains carrying the cloned rapI” allele on CEN plasmids as
the sole source of RAP1 (GK19, GK20, and GK21). Binding
reactions were performed for 20 min at 25°C as described
previously (35, 51), using 1 to 5 pl of extract, 0.5 pg each of
poly(dI-dC) and pUC19 as nonspecific competitors, and 0.13
ng of *?P-labeled AT13 (see below) in each reaction. Prod-
ucts were subjected to electrophoresis for 2 h at 10 V/cm on
4% (40:1) polyacrylamide gels containing 5% glycerol and
0.5x Tris-borate-EDTA.

Substrates for binding (AT12, AT13, and TEF2) were
prepared by annealing single-stranded oligonucleotides (4,
35), producing double-stranded substrates that contain a
GAT or GATC 5' overhang. To generate labeled AT13
substrate, this overhang was filled in with Klenow enzyme,
using [3?P]dCTP as the labeled nucleotide. The sequence of
the C-rich strand of AT13 (35) is CCCACACACACACA
CACCCACACACACACACACACCACACATGACGCGT,
the underline referring to the position of the RAP1 binding
site, which is a 12-of-13-base match to the RAP1 consensus
sequence. The sequence of the C-rich strand of the nontelo-
meric RAP1 binding site, TEF2 (4), is GATCCCATTCAT
GTGCACCCACACATTTAG, the underline referring to the
RAP1 consensus sequence. The sequence of the C-rich
strand of AT12 is CCCACACACACACACACACACA(C)A
CACACACACACCACACATGACGCGT. AT12 contains a
mutation within the AT13 sequence that eliminates RAP1
binding. Previous studies have shown that a subpopulation
of AT12 molecules contains a T residue in the position of the
C residue indicated by the parentheses (35). Competitions
were performed as described above, using a one- to eightfold
molar excess of unlabeled AT12, AT13, or TEF2.

Western immunoblot analysis. Denatured yeast extracts
were prepared as described previously (26). Extracts and
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prestained protein standards (Bio-Rad) were fractionated on
a 9% sodium dodecyl sulfate (SDS)-polyacrylamide gel, and
the gel was electroblotted onto an Immobilon P filter (Milli-
pore). Western analysis was carried out as described previ-
ously (1). Primary immunobinding was performed for 16 h at
4°C, using a 1/3,000 dilution of mouse polyclonal antibodies
directed against wild-type RAP1 (kindly provided by D.
Shore). Bound antibody was detected by incubation with an
alkaline phosphate-anti-mouse immunoglobulin conjugate
(Organon Teknika) and visualized by reaction with nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolylphosphate tolu-
idium.

RESULTS

Identification of cold-sensitive suppressors of rapl-5. To
investigate the role of RAP1 at the telomere, we sought to
identify suppressors of both the temperature sensitivity and
the telomere phenotypes of the rapl-5 allele. Strains con-
taining the rapl-5 allele grow at wild-type rates at the
permissive temperature, 25°C, but cease growth after several
generations at the restrictive temperature, 37°C (28). Previ-
ous studies have demonstrated that cells containing this
allele display a 150-bp increase in telomere tract size at 25°C
while exhibiting a decrease in tract length following growth
at semipermissive temperatures (35).

Three intragenic suppressors of rapl-5 (rapl-17, rapl-18,
and rapl-19) that suppressed temperature sensitivity and
conferred unique telomere length phenotypes were identi-
fied. As a consequence of their similar phenotypes, we will
refer to these suppressors collectively as the rapl* alleles.
Each of the rapl® alleles confers a growth rate =2-fold
slower (1.7-, 1.8-, and 2.1-fold for rapl-17, rapl-18, and
rapl-19 strains, respectively) than that exhibited by either
wild-type or rapl-5 strains at 25°C and is capable of growth
at the previously restrictive temperature, 37°C. The slow
growth rate at 25°C is recessive to both rapl-5 and wild-type
alleles, while suppression of temperature sensitivity at 37°C
is dominant to the rapI-5 allele (data not shown).

Three lines of evidence indicate that these mutations
represent intragenic suppressors of the rapl-5 mutation.
First, the mutations are tightly linked to the RAPI gene. In
crosses of each rapl* mutant to a wild-type strain, sporula-
tion of the resultant diploids never yields a rapI-5* spore
colony (0 of 160 tetrads for rapl-17). Second, complemen-
tation of the recessive phenotypes of the rap1* mutants (slow
growth and linear chromosome loss [see below]) is conferred
by a single copy of wild-type RAPI gene on a CEN plasmid
(Table 1; data not shown). Third, characterization of the
cloned rapl® alleles has revealed that each mutation lies
within the carboxy-terminal region of the RAPI gene (see
below).

Characterization of the XY’ class of telomeres in rapl’
strains. The behavior of yeast telomeres in the rapl‘ strains
was initially investigated by examining the telomeric frag-
ment lengths of the XY' class of telomeres. XY'-class
telomeres can be visualized as a heterogeneous group of
Xhol restriction fragments capable of hybridization to
poly(GT). In wild-type strains, these fragments are centered
at 1.2 kb, representing a telomere tract length of =300 bp. In
contrast, the rapl* alleles exhibit several unusual telomere
length characteristics. First, when cells are grown at 25°C,
average telomere length increases to 1 to 3 kb greater than
the lengths observed in rapl-5 cells (Fig. 1A and C; see also
Fig. 7A). Subculturing of rapl’ cells results in either a
maintenance of this distribution or a continuing elongation of
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FIG. 1. Semidominant reversible elongation of XY’ telomere conferred by the rapl* alleles. (A) Increases of XY'-class telomere length and
heterogeneity in rapI-17 mutants. Two colonies (a and b) derived from the original strain carrying the rap1-17 allele, as well as wild-type (wt)
and rapl-5-containing strains, were grown at 25°C, and the DNA was isolated. DNA was digested with Xhol, and genomic blots were
hybridized to poly(GT). Arrows on the left and right show the mean sizes (in kilobases in all panels) of XY'-class telomeres in rapI-17 (a) and
wild-type strains, respectively. Size markers are shown on the right. (B) Semidominance of telomere elongation in the rapI* alleles. A strain
heterozygous for the rapl-17 mutation (AJL266), derived from mating of the rapl-17(a) strain displayed in panel A to an isogenic wild-type
strain, was subcultured for zero to six rounds at 25°C, each round representing the progeny of a single cell derived from the previous round
of subculturing. After the first subculturing, two individual colonies (a and b) were subcultured independently for two (2a and 3a) to five (2b
to 6b) additional rounds, respectively. Each round represents =25 generations of growth. Genomic blots of Xhol-digested DNA derived from
these cells, as well as from wild-type (wt) and rap1-17 (1-17) cells, were probed with poly(GT) (GT; top). Arrows on the left and right indicate
the mean sizes of XY'-class telomeres in the heterozygous diploids and wild-type haploid strains, respectively. DNAs were digested as
described above, and the resulting Southern blot was probed with a chromosome III-specific probe, p784.4 (clII, ; bottom). The largest and
smallest species represent internal fragments (with estimated sizes shown on the right), while the intermediate species represent the cIIl;
telomeric fragments. We note that the lower degree of heterogeneity of Xhol clll; telomeric fragments is the consequence of the larger size
of these fragments. Similar results were obtained in strains heterozygous for rapI-18. (C) Temperature sensitivity and partial reversibility of
rapl‘ telomere tract length. rapl-18-containing cells grown at 25°C were subcultured for four rounds at 37°C and subsequently subcultured
for an additional four rounds at 25°C (see diagram). DNA was isolated from cells before subculturing (lane 0), after four rounds of subculturing
at 37°C (lane 4a), and after each round of subsequent subculturing at 25°C (lanes 4b to 8B). Blots of Xhol-digested DNA were subsequently
probed with poly(GT). 4a and 4b are separated by less than a complete round of subculturing (<20 generations). 8A and 8B represent two
individual colonies derived from the last round of subculturing. DNAs isolated from wild-type (wt) cells grown at 25°C and from rap1-5 (1-5)
cells grown at either 25 or 32°C are shown in the rightmost lanes.

telomere length (Fig. 1C and 2). Telomere elongation is at
least partially reversible (Fig. 1C). When cells are shifted to
37°C, telomere size decreases, with some telomeric frag-
ments reattaining lengths close to that of the wild type. As
expected, cells shifted back to growth at 25°C regain elon-
gated telomere fragment lengths.

Second, the distribution of telomere fragment lengths in
these mutants is dramatically increased. While the XY’ class
of telomeres is normally maintained in a distribution of about
300 bp, rapl* telomeres range in size from 150 bp to >4 kb
larger than rapl-5 telomeres. This heterogeneity is achieved
after only 20 generations of growth, suggesting that a process

capable of rapidly altering telomere size is present in these
mutants.

Unlike the growth characteristics conferred by these alle-
les, telomere elongation is semidominant. The telomeres of
diploids heterozygous for the rapl-17 or rapl-18 allele are
maintained throughout subculturing at sizes intermediate
between those of the parental strains (Fig. 1B). After sporu-
lation of these diploids, rapl‘ spore colonies invariably
display elongated and heterogeneous telomeres (Fig. 2). In
contrast, wild-type spore colonies, inheriting elongated te-
lomeres from the heterozygous diploid, show an immediate
reduction in both telomere heterogeneity and size, with
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FIG. 2. 2:2 segregation of telomere elongation. Diploids heterozygous for rapl-17 (AJL266) were sporulated, and tetrad spore colonies
were subcultured for four rounds (lanes 0 to 4) at 25°C. DNA was isolated from these cells, and blots of Xhol-digested DNA were probed with
poly(GT). Shown are the results from one tetrad (8a to 8d) and a spore colony derived from a second tetrad (9c). Spore colonies 8a, 8c, and
9c contain the rapI-17 mutation, while spore colonies 8b and 8d are wild type (wt). The results obtained with rapI-5 strains grown at 25 or
32°C, wild-type strains grown at 30°C, and a rapl-18 strain grown at 25°C are shown in the rightmost lanes. Size markers (in kilobases) are
shown on the right. Restriction fragments representing X-class telomeres, lacking the Y’ repeat (indicated by the arrows in spore colony 8d),
are visible in wild-type segregants; these fragments either decrease in size, as a consequence of inheriting an elongated telomere, or reattain
wild-type lengths within the first round of subculturing, probably as a result of inheritance of telomeres close to wild-type size.

many telomeric fragments reattaining lengths close to or at
wild-type lengths.

The rapl’ mutations result in expansion of telomeric
poly(G,_;T) tracts. To better understand the processes acting
at telomeres in these mutants, we analyzed the characteris-
tics of several individual telomeres in two rapl® alleles,
rapl-17 and rapl-18. (Except where noted, all of the studies
described were performed with both strains.)

The telomere fragment lengths present at cIII; were
determined in wild-type, rapl-5, and rapl* strains (Fig. 1B
and 3). Sall digestion of wild-type DNA produces an
=~3.2-kb clIlI; telomeric fragmerit, terminating in =300 bp of
poly(G,_;T) sequence. Diploids formed between wild-type
and rapl’ strains maintain two discrete termini throughout
subculturing, one close to wild-type tract length and the
other 0.6 to 4 kb larger (Fig. 1B). The behavior of rapl*
telomeres was analyzed after subculturing of mutant and
wild-type spore colonies derived from the heterozygous
diploid. In rapl‘ spore colonies that inherit short cIII;
telomeres from the heterozygous diploid, telomeres slowly
elongate to mean lengths averaging 2.5 kb (but ranging up to
4 kb) larger than those found in wild-type or rapl-5 cells
(e.g., Fig. 3, spore colony 8c). Similarly, rapl* cells that
inherit elongated telomeres normally maintain the increased
tract size through subsequent subculturing (data not shown).
The elongated fragments are selectively degraded by nucle-
ase BAL 31, confirming their telomeric position (Fig. 4A). In

contrast, the telomeres of wild-type spore colonies fail to
elongate, many telomeres reattaining sizes close to or at
wild-type lengths (data not shown; see Discussion).

In addition to the characteristics of the XY’ class of
telomeres, several lines of evidence argue that the increase
in telomere fragment size is the consequence of increased
poly(G,_sT) tract size rather than an alteration in subtelo-
meric sequences. First, rapl® cells inheriting short cIII;
telomeres from the diploid slowly elongate, an effect most
consistent with telomere growth. Second, elongation of
telomeres can be partially reversed, as noted below, by a
rapid loss of telomeric sequences. Following deletion, these
telomeres again slowly reelongate. Third, the different frag-
ment lengths inherited by wild-type spore colonies from
heterozygous diploids (e.g., 3.2 kb in spore colony 18b and
3.8 kb in spore colony 16b; Fig. 4) appear to be due to
differences in the lengths of poly(G, ;T) tracts (Fig. 4B).
While a telomere having wild-type tract length is incapable
of hybridization to poly(GT) after elimination of just 300 bp
of terminal sequences by nuclease BAL 31, the elongated
fragment still hybridizes to this probe after loss of over 800
bp of terminal sequence. That is, while the initial fragment
sizes are significantly different, the length at which hybrid-
ization to the telomeric probe is lost is identical. Third,
despite the absence of subtelomeric repeats, poly(G,_;T)
tracts, when adjacent to a telomerically positioned URA3
gene in rapl-17 cells, increase to lengths 0.5 to 3.0 kb larger
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FIG. 3. Behavior of clIlIl; telomeres in rapl-17 and wild-type spore colonies. (A and B) The DNA preparations described in the legend to
Fig. 2 were digested with Sall, and the subsequent blots were probed with the 900-bp fragment of p784.4, which visualizes the cIII; telomere.
(C) A strain heterozygous for rapl-17, rad52, and radl (AJL330) was sporulated, and triple mutant spore colonies (e.g., 6d) were subcultured
for four rounds at 25°C (lanes 0 to 4). DNA was isolated and digested with Sall, and the blots were probed with pKB1, which is specific to
the cIII; telomere. Control rapl-18 and wild-type cells, digested and probed in the same way, are shown on the right. Arrows on the right
and left give the estimated sizes (in kilobases) of the cIII; telomeres of AJL.266-8c, AJL.266-9c, and AJL330-6d as determined from these and

other experiments. Size markers are shown at the right in each panel.

than those found in wild-type strains (Fig. 5) (31). Further-
more, a series of restriction enzymes recognizing 4-bp (Bfal,
Nialll, and Rsal) or 6-bp (HindIIl, Xhol, EcoRl, Pstl, and
Scal) sequences were unable to digest DNA distal to the
telomeric URA3 gene in either wild-type or rapl’ cells,
consistent with the absence of nontelomeric DNA in these
sequences (data not shown). It is unlikely that defects in
position-independent processes (e.g., polymerase slippage)
are responsible for this increase in tract size, since the size of
an internal 80-bp poly(G,_;T) tract, introduced adjacent to
the URA3 gene, is identical in wild-type and rapI-17 strains
(Fig. 5).

Telomere instability and rapid deletion events in rapI* cells.
Two sets of observations indicate that the telomeres present
in the rapl’ mutant cells are highly unstable. First, the
distribution of tract sizes present at individual telomeres
(i.e., the cIII; and cXI telomeres, as well as the URA3-
marked telomere of chromosome V) is extremely heteroge-
neous. Unlike individual wild-type telomeres, which do not
normally vary in size by more than 200 bp, telomeres in the
population of rapl‘ cells differ by up to 2 kb in size (Fig. 3,
5, and 6). Since each round of subculturing proceeds from a
single cell containing a unique copy of each chromosome,
the increased heterogeneity must be generated in less than 20
generations.

Second, unlike the telomeres of wild-type and rapl-5

strains, the telomeres of rapl‘ cells are susceptible to rapid
deletions of telomeric tract sequences (Fig. 3 and 6). Fol-
lowing growth of rapI* cells into colonies, we often observe
two discrete telomeric distributions: one at the original size
of the elongated telomeres in the parent strain, and a second
centered at a smaller fragment size (e.g., spore colony 9c in
Fig. 3). These events occur at high frequencies: 22% of
rapl-18 colonies (11 of 50) and 9% of rap1-17 colonies (9 of
100) contain one or more deleted termini in addition to tracts
of the original size (Fig. 6). Species up to 3 kb smaller than
the original tract size (3 to 4 kb in these strains) are
observed. When cells inheriting only the chromosome con-
taining the truncated telomeres are subcultured, the telo-
meres slowly regain their elongated size (Fig. 3 and data not
shown). These data suggest that a reversible deletion of a
discrete number of telomeric repeats occurs in a subpopula-
tion of rapl‘ cells. Consistent with this hypothesis, colonies
containing only the deleted form are also observed at similar
frequencies (8 of 50 for rap1-18 and 4 of 100 for rap1-17), as
expected if deletion occurred in a subpopulation of cells
prior to plating. Interestingly, in several cases, equal abun-
dances of parental and deleted derivatives were observed.
Since there is no difference in the growth rates of strains
containing elongated and truncated cIII; telomeres, these
data are most consistent with a single-step process occurring
either early in colony growth, giving rise to equal abun-
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FIG. 4. Nuclease BAL 31 sensitivity of elongated telomeres. (A) DNA was isolated from subcultured progeny (colonies 4, 11, and 30) of
a rapl-17 spore colony (AJL330-1d) and digested with 0.2 U of nuclease BAL 31 per pg of DNA for 15 to 120 min, as indicated. The 0 lane
refers to samples that did not receive the enzyme. The DNA was then digested with Sall, and the blots were probed with the cIIl.
telomere-specific probe pKB1. Blots were stripped and reprobed with an Ncol-Stul fragment of YCp120 (7), derived from a subtelomeric X
repeat, that identifies both telomeric and subtelomeric fragments. As expected, multiple subtelomeric Sall restriction fragments that were
insensitive to digestion by nuclease BAL 31 were identified, demonstrating the specificity of this nuclease (data not shown). Size markers (in
kilobases) are shown on the right. (B) DNA was isolated from the subcultured progeny of two wild-type (wt) spore colonies (AJL.256-16b and

AJL256-18b) derived from a diploid heterozygous for the rapl-18 allele.

DNA was digested with 0.6 U of nuclease BAL 31 per ug of DNA

for 10 to 60 min, as indicated, and subsequently digested with Sa/l. Lane 0 refers to samples that did not contain nuclease BAL 31. Blots were
probed with pKB1 (clIII, ), stripped, and reprobed with poly(GT) (GT). The arrow on the left indicates the position of the cIII, telomere on
the blot hybridized to poly(GT). In contrast to the telomeric species, internal poly(GT) tracts displayed on this blot were not sensitive to
digestion by nuclease BAL 31. Note that although the telomere sizes of the cIII; telomeres inherited by the two wild-type spore colonies differ
by 600 bp, the size at which hybridization is lost to poly(GT) is identical for both fragments. Similar results were obtained for spore colony

AJL266-8c shown in Fig. 3 (data not shown).

dances of the two species, or later in colony growth, giving
rise to substoichiometric species of smaller size. The dele-
tions do not occur uniformly at all telomeres, since the
majority of telomeres in these cells remain elongated (e.g.,
compare spore colony 9c in Fig. 2 and 3).

One possible pathway that may generate deleted termini is
intrachromatid crossing over and gene conversion between
telomere sequences, a process expected to be dependent on
the RAD1 and RAD52 gene products (27, 56). However, the
frequent appearance of deleted telomeres in rad52 radl
rapl-17 triple mutant cells (=20% [9 of 49}]; Fig. 3) makes
this possibility unlikely.

Several observations suggest that the generation of rapid
deletion events (RDEs) is a stochastic process. First, RDEs
are not strongly dependent on telomeric tract size. These
events can take place at any point during telomere elonga-
tion. Second, the amount of telomeric tract deleted varies
from several hundred base pairs (the lowest significant shift
in mobility in mutant cells) to >3 kb (Fig. 6A and C). Third,
RDEs are not cIIl; specific. A similar frequency of RDEs
was observed at a second telomere, located on chromosome
XI (Fig. 6B and D). Finally, RDEs appear to occur randomly
at different chromosomal ends. Cells containing a deletion
on chromosome XI only infrequently display a deletion at
cIIl; (3 of 18 events scored).

Both nondisjunction and chromosome loss events are en-

hanced in rapI’ cells. The instability of telomeres in the rapl*
mutant cells prompted us to determine whether chromosome
stability is also influenced in these strains. To test this, we
introduced a nonessential linear chromosome into wild-type,
rapl-5, rapl-17, and rapl-18 strains (53). This 150-kb artifi-
cial chromosome consists of an intact cIII; and a telocentric
right arm that contains both the URA3 and SUPI1I genes.
The SUPI11 gene permits a visual assay for chromosome loss
through suppression of the ade2-1 ochre allele. Colonies
lacking this chromosome appear red as a result of the
accumulation of a red pigment in ade2-1 cells, while wild-
type strains containing the chromosome appear white. The
results of chromosome loss assays in wild-type, rapI-5, and
rapl-17 haploid strains demonstrated that while wild-type
and rapl-5 cells have comparable loss rates, rapl-17 cells
have an =20-fold higher rate of chromosome loss (Table 1).
Similar results were obtained for cells containing the rap1-18
allele (data not shown). High chromosome loss rates are also
observed in homozygous rapl-17/rapl-17 diploids. Chromo-
some instability is recessive. When a CEN plasmid contain-
ing a wild-type copy of RAP1 is introduced into homozygous
rapl-17/rapl-17 diploids, significantly lower loss rates are
observed (Table 1). Similarly, wild-type loss rates are ob-
served in diploid strains heterozygous for rapI-17 (data not
shown).

We note that chromosome loss rates determined early and
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FIG. 5. Elongation of telomeric but not internal poly(G, ;T)
tracts in rapl-17 cells. In lanes 1 to 3, DNA was isolated from
wild-type (wt) and rapI-17 strains containing a truncated right arm
of chromosome V terminated with URA3 and poly(G,_,T) sequences
(VR-URA-TEL) (13). DNA was then digested with HindIII, and the
resulting blots were probed with URA3 sequences. The 1.1-kb
fragment represents the ura3-1 gene located at its normal chromo-
somal position. The larger heterodisperse fragments are telomeric
fragments containing the 1.1-kb URA3 gene and distal poly(G,_;T)
tracts. Lane 1 shows a wild-type strain containing the marked
chromosome V telomere; lanes 2 and 3 show independent rap1-17
strains containing the chromosome V truncation. In lanes 4 to 8,
DNA was isolated from wild-type (wt) and rapI-17 strains contain-
ing the URA3 gene adjacent to 80 bp of poly(G,_;T) at an internal
position on the left arm of chromosome VII (VII-adh:URA3-tg) (13).
DNA was digested with HindIII and BamHI, and the resulting blots
were probed with URA3 sequences. The 2.3-kb species represents
the predicted internal fragment spanning the poly(G,_;T) tract.
Strains used: lanes 4 and 5, rapI-17 strains containing the internal
poly(G,_3T) tract; lanes 6 and 7, wild-type strains containing the
internal poly(G,_;T) tract; lane 8, an unmarked wild-type strain
containing the ura3-1 mutation. For both sets of experiments, DNA
was isolated from cells without extensive subculturing. A partial
restriction map of the marked chromosomes V and VII derivatives,
derived from Gottschling et al. (13), is shown at the bottom.
Poly(G,_;T) tracts are indicated by the stippled boxes.

late in subculturing are indistinguishable, even though the
size of the cIlIl; telomere of the artificial chromosome
increases substantially during subculturing (data not shown).
Hence, telomere tract elongation per se is probably not
responsible for the elevated chromosome loss rates in these
strains.

Two classes of aberrant chromosome segregation may
contribute to these enhanced loss rates: 1:0 segregation,
representing either a failure in replication or the physical loss
of the chromosome from the nucleus, and 2:0 segregation
patterns, most likely representing chromosome nondisjunc-
tion. In rapl® haploid cells, SUPI1 ochre suppression is
reduced. Two copies of SUPI1I are required for full suppres-
sion, giving rise to white colonies, while one copy of SUPI1
produces a pink colony (see Materials and Methods). This
fortuitous ability to distinguish the copy number of the

EFFECTS OF TRUNCATION OF YEAST RAP1 5167

artificial chromosome in rapl‘ cells permits the analysis of
half sectors in the haploid state. Both 1:0 (pink:red) and 2:0
(white:red) segregation defects contribute to the overall
increase in chromosome loss rates of rapl-17 mutants.
Similar sectoring frequencies were found in diploid rapI-17/
rapl-17 cells (Table 1). In contrast, sectoring frequencies of
wild-type diploid cells are significantly lower, with most (16
of 17) of the interpretable sectors representing 2:0 segrega-
tion events, as expected from previous studies (38).

The rapl* alleles produce C-terminal truncations of the RAP1
protein. To determine the mutations within the RAPI gene
responsible for these phenotypes, we cloned and sequenced
each of the rapI* genes. To first test whether the cloned genes
are able to confer the rapl* phenotypes, we transformed CEN
plasmids containing each rapl® gene into a strain carrying
both a deletion of the RAPI gene at its chromosomal position
and a second CEN plasmid containing a wild-type RAPI
gene. Following a plasmid shuffle, strains that contained only
the cloned rapI® genes were identified and characterized. The
telomere lengths of each of the cloned rapl’ alleles were
indistinguishable from those observed in the original rapl*
alleles at both 25 and 37°C (Fig. 7). These strains also
displayed the slow growth rate and the down regulation of
SUPII ochre suppression observed in the original strains
(data not shown). Chromosome loss rates were also elevated,
although to a lesser extent than in the original rapl’ strains, a
likely consequence of a reduced penetrance of the plasmid-
encoded products (data not shown).

Further subcloning defined a 1.2-kb region encompassing
the C terminus of RAP1 that contains each of the rapl*
mutations. In each case, when the mutant SphI-Xbal frag-
ment was used to replace the same fragment of a rapl-5
gene, the rapl‘ phenotypes were recovered (Fig. 7B). Se-
quencing of the cloned genes demonstrated that each allele is
the consequence of a nonsense mutation within a discrete
region of the RAPI gene (Fig. 8). Sequencing of the Sphl-
Xbal fragment from the rapl-17 gene indicated the presence
of only two mutations: a missense mutation (changing a
proline to a leucine) at amino acid 661, followed immediately
by a second frameshift mutation creating a UGA (opal) stop
codon at amino acid 663. This mutation is therefore expected
to give rise to a truncated protein of 662 amino acids,
significantly smaller than the 827-amino-acid wild-type prod-
uct. In the case of rapl-19, a point mutation is present that
changes amino acid 665 from TAT to a TAA ochre stop
codon, predicting a protein of 664 amino acids. The third
allele, rapi-18, represents a change of TAT to TAG at amino
acid 684, producing an amber nonsense codon and predicting
a protein of 683 amino acids. This allele also has a second
change at amino acid 673 (R to A) that appears to be a
polymorphism present in several cloned RAPI genes (data
not shown). No other mutations were present between the
Sphl site and the nonsense mutations. Each nonsense mu-
tation maps downstream of the DNA binding domain be-
tween amino acids 360 and 594 (23) and upstream of the
original rapl-5 mutation at amino acid 694, predicting a
mutant protein capable of DNA binding but lacking the
rapl-5 lesion.

To test directly for the presence of truncated RAP1
derivatives in the rapl’ extracts, we performed Western
analysis of wild-type and mutant extracts, using antibodies
directed against wild-type RAP1 (Fig. 9A). The 97-kDa
wild-type protein migrates anomalously at 120 kDa on SDS-
polyacrylamide gels, as expected (50). Several low-abun-
dance degradation products of RAP1, previously described
(50), are also present in this extract. The RAP1 protein



5168 KYRION ET AL.

7.5 |
6.7~ -—6.5
52—
4.0~
-33

MoL. CELL. BioL.

B rap1-18
1 2 3 15 16 17
. L]
se~ -5
3.9~

D rap1-17
8 9 10 11 12 13
4.5~ “ b B9
. &%
3.7~ ¥
-

FIG. 6. RDEs in rapl’ cells. A rapl-18 (A and B) or rapI-17 (C and D) spore colony (AJL256-16d or AJL330-1d, respectively) derived from
diploids heterozygous for each allele was subcultured for =100 generations, and the subcultured cells were plated on rich medium. DNA was
isolated from 50 individual colonies from each strain (as well as an additional 50 colonies from a second rapI-17 strain not shown), and the DNA
was digested with Sall. Blots were subsequently probed with pKB1 (cIllI; ; A and C), stripped, and reprobed with pKB2 (cXI; B and D). pKB2
hybridizes predominantly to an internal fragment on clIII; (shown by the bold arrow) but, in addition, hybridizes more weakly to a telomeric
fragment from chromosome XI. The results obtained from several representative colonies (1 to 3 and 15 to 17 for rap1-18; 8 to 13 for rap1-17)
are shown. Also shown in panel A is DNA isolated from wild-type strains (lane wt) and the rapI-18 strain before plating (lane 0). Arrows indicate
the estimated sizes (in kilobases) of the different telomeric fragments as determined from these and other experiments. Arrows on the right in
panels B and D indicate the positions both of the wild-type (wt) and of rapI-18 (“‘0”’) cXI telomeric fragments before plating.

produced by two of the mutant strains, rapI-17 and rapl-19,
both predicted to be 74 kDa, migrate at identical mobilities at
94 kDa, consistent with a loss of 163 to 165 amino acids. In
contrast, rapl-18, which is expected to produce a slightly
longer protein of 76 kDa, gives rise to a species of 96 kDa,
consistent with the loss of 144 amino acids.

Another indication of the presence of truncated proteins in
the raplI” alleles comes from the comparison of RAP1-DNA
complexes in extracts isolated from both wild-type and rap1*
cells (Fig. 9B). While comparable levels of binding to telo-
meric oligonucleotides containing RAP1 binding sites were
observed in both mutant and wild-type extracts, RAP1'-

DNA complexes migrate more rapidly than do wild-type
complexes, consistent with the production of a truncated
RAP1* protein in vivo. Binding of the RAP1' proteins is
specific: competition of binding is achieved only with oligo-
nucleotides containing intact telomeric (AT13) or nontelo-
meric (TEF2) RAP1 binding sites (data not shown).

DISCUSSION

Degregulation of multiple telomeric processes in rapl’ alle-
les. In this study, we have characterized three novel alleles
of RAPI. Each allele produces a truncated RAP1 molecule

TABLE 1. Elevated chromosome loss rates in rapI-17 cells

Half-sector rates® (10~ events/cell division)

Genotype Fluctuation rate®

(no. of trials) (10~* events/cell division) 2:0 10 Total
RAPI (5) 0.70 (+0.43) NA NA 1.00 (101)
rapl-5 (2) 0.94 (+0.13) NA NA 1.08 (77)
rapl-17 (9) 20.60 (+10.40) 8.9 (134) 2.2 (33) 11.10 (167)
RAPI1/RAPI (3) 1.61 (+1.28) ND ND 1.13 (51)
rapl-17/rapl-17 2.30 (%£1.20) ND ND ND

CEN(RAPI) (2)

rapl-17/rapl-17 (5) 29.00 (+10.60) 11.8 (165) 4.2 (59) 16.00 (224)

2 Ranges of values observed in independent trials are given in parentheses. Standard deviations at 95% confidence, calculated for samples subjected to more
than three trials, were 0.37 x 1074, 5.3 x 104, and 7.70 x 10~* for RAPI, rap1-17, and rapl-17/rap1-17 cells, respectively.
® Numbers of sectors analyzed are given in parentheses. ND, not determined; NA, not applicable.
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FIG. 7. Phenotypes of cloned rapl* alleles. (A) The cloned rapI‘ alleles confer temperature-sensitive telomere elongation. Strains (GK15,
GK16, and GK17) containing each of the cloned rapl‘ genes as the sole source of RAP1 on a CEN plasmid (CEN) were subcultured for 100
generations at either 25 or 37°C. DNA was isolated from each of these strains after the last round of subculturing as well as from the original
rapl-17,rapl-18, and rapl-19 (o) strains subcultured at 25°C. DNA was digested with Xhol, and blots were probed with poly(GT). The results
obtained with wild-type (wt) and rapI-5 (1-5) strains grown at 25°C are also shown. The arrow on the left indicates the position of the cIII;,
Xhol-terminal restriction fragment, which also elongates in strains containing the cloned rapI alleles. Temperatures of growth for each strain
are shown at the bottom. Size markers (in kilobases) are indicated on the right. (B) The rapI* alleles map to the terminal 1.2 kb of the RAP1
gene. The Sphl-Xbal fragment of each rapl” allele (rap1-17, rapI-18, and rap1-19) was used to replace the corresponding fragment of a rap1-5
allele, and the resulting hybrid genes were introduced into strains on CEN plasmids (CEN) as the sole source of RAP1. DNA was isolated
from these strains (GK19, GK20, and GK21) as well as from strains containing a cloned wild-type (wt; GK18) or rapl-5 (GK22) gene on a
CEN plasmid. DNA was digested with Xhol, and blots were probed with poly(GT). Also shown are the results obtained with an original (o)
rapl-5-containing strain. The arrow on the left corresponds to the position of the cIIl; Xhol telomeric restriction fragment. Size markers (in

kilobases) are indicated on the right.

that, while capable of efficient and specific binding to DNA,
lacks the C-terminal 144 to 165 amino acids. The rapI* alleles
result in promiscuous telomere elongation and instability,
slow growth, and high rates of chromosome loss. Interest-
ingly, while these alleles are recessive for both the increased
frequency of chromosome loss and slow growth, their telo-
meric length effects are semidominant in heterozygous dip-
loids. Thus, unlike the previously described recessive alleles
of rap1 (35), these alleles are likely to act by antagonizing or
interfering with the telomere elongation machinery. The
phenotypes observed in the rapl alleles suggest the simul-
taneous deregulation of multiple processes acting at the
telomere in rapl’ strains.

(i) Telomere elongation. Telomere tracts in rapl® cells
grown at 25°C increase in size up to 4 kb larger than
telomeres found in wild-type or rapI-5 cells. Such telomere
elongation is the likely consequence of an increase in the
activity or processiveness of telomere addition enzymes
(e.g., telomerase) on rapl’ telomeric substrates. The alter-
native possibility, that telomeres are more resistant to mech-
anisms of telomere loss, seems unlikely given the instability
of telomeres in these strains. We note that although the
rapl-5 mutation is not present in the RAP1' protein, telo-
mere elongation is nonetheless temperature sensitive. This
finding indicates that a function important for telomere

elongation is impaired at 37°C, an effect which may be
mediated through partial unfolding of the protein at higher
temperatures.

The characteristics of telomere fragment elongation in
rapl’ strains indicate that most increases in telomere size are
the consequence of elongation of poly(G,_;T) sequences.
Nonetheless, we have also observed the presence of appar-
ently irreversible changes in telomeric fragment sizes. These
events have been identified when rapl* telomeres are stabi-
lized at an increased size in a wild-type background or in
heterozygous diploids (e.g., spore colonies 8b in Fig. 3 and
16b in Fig. 4). When testable, this increase in fragment
length appears to be the consequence of an increase in
telomere tract size, as defined by nuclease BAL 31 digestion
(Fig. 4). This effect is unlikely to be the consequence of a
second linked mutation, since many telomeres of these cells
decrease to sizes close to or at wild-type tract lengths. In
addition, this phenotype has been observed in two indepen-
dently derived alleles, rapl-17 and rapl-18. Whether this
effect is the consequence of a rearranged or scrambled
telomeric tract or of a stably maintained change in chromatin
structure is currently under investigation.

(ii) Telomere tract heterogeneity and RDEs. In wild-type
cells the equilibrium between telomere elongation and loss is
regulated, with the length of an individual telomere varying
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FIG. 8. Nonsense mutations between amino acids 663 and 684 defined by the rapl

2760

2770

2780

2790

2800

2810

2820

alleles. (A) Partial restriction map of R4AP1 showing

the RAPI open reading frame (open box). The position of the rapI-5 mutation is also shown. Restriction sites: B, Bg/II; S, Sphl; X, Xbal;
(R), EcoRl site introduced during cloning. The hatched box corresponds to the region containing the rapl* mutations. The beginning of the
open reading frame is denoted by the arrow. Nucleotide designations (using the Bg/II site as 0) (50) are shown below the map. (B) Partial DNA
sequence showing the sites of mutation within the cloned rapI-17, rap1-18, and rap1-19 genes. The sequence of wild-type RAPI is shown for
comparison. Mutations are shown in bold print. The predicted open reading frame is shown above the DNA sequence; mutated amino acids
are in bold print. No other mutations were present between the Spkl site and the stop codon (indicated by the asterisks and underlined

sequences) in any of the alleles.

by no more than 100 bp from the average tract length. In
contrast, telomeres in rapl* cells are highly unstable. This
instability is manifested both by the rapid generation of
telomere tract heterogeneity and by the susceptibility of
telomeres to terminal deletion, a process not previously
observed in yeast cells. Interestingly, telomeric deletion in
rapl’ cells appears to act randomly with regard to the
chromosome affected, the length of the substrate, and the
extent of the deletion. In this regard, we note that rapid
deletion events may, at a low frequency, delete the telomere
tract beyond a critical size necessary for subsequent telo-
mere addition or function, possibly resulting in the high rate
of chromosome nondisjunction and loss observed in these
mutants.

Telomere instability could be the consequence of an
inherent instability of long telomeres or, alternatively, a
more direct result of altered RAP1 function at the telomere.
Consistent with the former possibility is the observation that
another mutation causing elongated telomere tracts, cdcl7,
also produces a moderate increase in heterogeneity (6; data
not shown). However, the observations that wild-type cells
inheriting elongated cIII; telomeres exhibit neither the het-
erogeneity (e.g., compare spore colonies 8b and 8c in Fig. 3)
nor the RDEs (data not shown) generated by rapl’ telo-
meres, despite their apparently identical tract sizes, are
inconsistent with a size-dependent model. Further studies
will be necessary to distinguish between these possibilities.

A number of mechanisms can explain the presence of
RDEs. First, poly(G,_;T) tracts in the rapl® strains may be
more susceptible to endonucleolytic cleavage, possibly as a
result of an increase in the number of nicks, gaps, or
double-strand breaks present at the telomere (55). Alkaline
gels of the elongated cIII; telomeres have revealed a distri-
bution of fragment sizes very similar to that of telomeres
fractionated on native agarose gels (29). Thus, any increase

in such DNA damage must be restricted to sites close to the
terminus or to a subpopulation of telomeres. We note that
the data are also consistent with a rapid exonucleolytic loss
of a discrete number of repeats occurring in a subpopulation
of telomeres.

Second, several classes of recombination events between
telomeric tracts could give rise to RDEs. One potential
mechanism, unequal sister chromatid exchange, would be
expected to give rise to two chromatids of different sizes and
is inconsistent with our failure to detect the expected recip-
rocal product. An alternative mechanism, intrachromatid
crossing over or gene conversion, is not supported by the
observation that radl rad52 rapi-17 triple mutants do not
exhibit a reduced frequency of RDEs (27, 56). A third, more
attractive pathway is the rad52-independent cut-and-paste
mechanism that has been proposed to explain intrachromatid
recombination between rDNA repeats (40). In this model,
recombination is initiated by strand breakage, followed by
strand recision and misalignment, ultimately giving rise to a
simple excision event without the generation of the recipro-
cal product.

We have previously noted that the ability of mutants
defective in telomere addition to attain stable equilibria
centered at reduced tract sizes predicts a cellular mechanism
of telomere loss that may be sensitive to tract length (36). In
contrast to RNA primer loss and exonucleolytic degrada-
tion, such a mechanism of loss, possibly involving endonu-
cleolytic cleavage or intrachromatid recombination, would
increase in probability as telomeres elongated, thereby pro-
viding a simple stochastic means of telomere size control.
Given the correlation between the presence of RDEs and
increased tract heterogeneity in rapl* cells, we suggest that
RDEs may serve as such a stochastic sizing mechanism in
wild-type cells.

Taken together, the phenotypes of both recessive and
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FIG. 9. Truncated versions of RAP1 produced by the rapI*
alleles. (A) Western analysis of extracts isolated from strains
containing either cloned wild-type (wt) (GK18), rapIl-17 (GK19),
rapl-18 (GK20), or rap1-19 (GK21) gene as the sole source of RAP1,
using antibodies directed against RAP1. The additional species in
the wild-type lane are degradation products of RAP1. Molecular
weight standards are shown on the right. (B) Truncated RAPI*
proteins form complexes with DNA in vitro. Extracts isolated from
wild- (wt), rap1-17, rap1-18, and rapl-19 strains were incubated
with 3?P-labeled AT13, and the products were fractionated by native
polyacrylamide gel electrophoresis. The positions of the free probe
(FP) and DNA-protein complexes (C) are indicated on the left. In
each case, the RAP1-DNA complexes migrate more rapidly than do
wild-type complexes. Identical results were obtained with extracts
isolated from both the original rap1‘-containing strains and strains
carrying the cloned rapl® alleles as the sole source of RAPI.
Identical results were also obtained with AT1 (35), a telomeric
oligonucleotide that contains two perfect matches to the RAP1
consensus sequence, and TEF2 (4), an oligonucleotide that contains
a nontelomeric RAP1 binding site (data not shown).

semidominant alleles of RAPI, as well as physical evidence
that RAP1 binds to the telomere in vivo (58), suggest that
RAPI1 is an intrinsic functional component of the telomere.
Given the multiple effects of the rapI* alleles on telomere
addition and stability, it is also difficult to explain these
effects as the failure to activate a set of genes important for
telomere regulation. However, these possibilities will be
distinguished only through the identification of factors that
are necessary for the telomeric functions of RAP1.

The domain structure of RAP1. Two previous studies have
suggested that the C terminus of RAP1 may be important for
telomere length control. First, mutations within the C termi-
nus of RAP1 that affect silencing (the rapl® alleles) also
cause a 100- to 300-bp elongation in telomere tract size (54).
Second, overproduction of the C terminus of RAP1 also
results in the generation of similarly elongated telomeres (8).
Interestingly, overproduction of full-length RAP1, but not
the C terminus of RAPI1, also confers a loss of mitotic
chromosome stability (8), suggesting that the factors titrated
by the C terminus are different from those required for
maintaining chromosome stability.

The C-terminal truncations of RAP1 described in this
study clearly demonstrate that the C terminus is dispensable
for viability. Although growth rates are twofold lower than in
the wild type, this difference appears to be the consequence
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of an increase in cell cycle length rather than a high level of
cell death (data not shown). However, while not affecting
either viability or DNA binding, deletion of the terminal 144
to 165 amino acids confers extensive phenotypes on telo-
mere length and stability, chromosome stability, and telom-
eric gene expression (31). These studies therefore suggest
that the role of the C-terminal domain in these processes is
more extensive than indicated by previous overproduction
and mutational analyses (8, 35, 58).

One surprising finding is that the RAP1* protein is trun-
cated within the putative activation domain (between amino
acids 630 and 695) (20), raising the possibility either that the
domain as mapped by hybrid GALA-RAP1 protein fusions
does not fully reflect the domain within its normal context or
that the residual activation of the truncated domain is
sufficient for viability. Of course, a third possibility, that
transcriptional activation is not the essential function of
RAP1, should also be considered.

Models for RAP1 action at telomeres. Several models of
RAPI1 action are consistent with the phenotypes observed in
the rapl’® alleles. First, the RAP1' protein may be unable to
associate with proteins required for limiting the activities of
replication, recombination, and degradation enzymes. If the
C terminus of RAPI is required for these associations, then
the inability of RAP1* to bind to these factors may result in
promiscuous telomere elongation and deletion. One of these
factors may be the C-terminus-binding factor RIF1, which
itself influences telomere elongation and silencing to a sim-
ilar extent as do the rapI” alleles (21). However, the absence
of RIF1 interaction cannot alone explain the phenotypes of
the rap 1’ alleles, since the susceptibility of rap1* telomeres to
elongation and deletion is substantially greater than that
found in 7ifl mutant cells.

A second possibility is that the truncated RAP1 molecules
cannot assemble properly into telomeric chromatin. The
telomeric DNA may then be more susceptible to telomere
elongation and degradation activities. Such a defect could be
mediated either directly through an altered structure of
RAP1-DNA complexes or through the inability of other
factors to bind to the yeast telomere in the absence of the C
terminus of RAP1. Consistent with this possibility is the
finding that another process, the position-dependent repres-
sion of telomeric gene expression observed in wild-type cells
(13), is relieved in rapl‘ cells (31).

Alternatively, the C terminus of RAP1 may serve as a
region required for association with a specific nuclear sub-
structure, such as the nuclear scaffold. RAP1 has been
identified biochemically to be a component of the nuclear
scaffold, and it is capable of looping DNA in vitro, a
characteristic of scaffold proteins (25). Interestingly, telo-
meric sequences, at least in human cells, are also associated
with the scaffold (10). Conceivably, failure of RAP1* binding
to the nuclear scaffold could restrict the accessibility of
factors normally involved in maintaining telomere stability.
Further studies on the factors that interact with the C
terminus in vivo and the chromatin structure of telomeres in
rapl’ cells should begin to unravel the basis of RAP1 action
in regulating telomere size, stability, and function.
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