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end-joining pathway are involved in telomeric
length maintenance and telomeric silencing
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In the budding yeast, Saccharomyces cerevisiae, genes
in close proximity to telomeres are subject to transcrip-
tional silencing through the process of telomere position
effect (TPE). Here, we show that the protein Ku,
previously implicated in DNA double-strand break
(DSB) repair and in telomeric length maintenance, is
also essential for telomeric silencing. Furthermore,
using an in vivo plasmid rejoining assay, we demon-
strate that SIR2, SIR3 and SIR4, three genes shown
previously to function in TPE, are essential for Ku-
dependent DSB repair. As is the case for Ku-deficient
strains, residual repair operating in the absence of the
SIR gene products ensues through an error-prone DNA
repair pathway that results in terminal deletions. To
identify novel components of the Ku-associated DSB
repair pathway, we have tested several other candidate
genes for their involvement in DNA DSB repair, telo-
meric maintenance and TPE. We show thatTEL1, a
gene required for telomeric length maintenance, is not
required for either DNA DSB repair or TPE. However,
RAD50, MRE11and XRS2function both in Ku-depend-
ent DNA DSB repair and in telomeric length mainten-
ance, although they have no major effects on TPE.
These data provide important insights into DNA DSB
repair and the linkage of this process to telomere
length homeostasis and transcriptional silencing.
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Introduction

Ionizing radiation (IR) and radio-mimetic chemicals
induce a variety of DNA lesions, the most lethal of which
is the DNA double-strand break (DSB). The severity of
this lesion is highlighted by the fact that a single DSB
left unrepaired can be sufficient to induce cell death.
Consequently, eukaryotic cells have developed mechan-
isms to sense DNA DSBs and mediate their effective
repair. For example, work in mammalian systems has
revealed that the enzyme DNA-dependent protein kinase
(DNA-PK) functions in the DNA non-homologous end-
joining (NHEJ) pathway of DSB repair (for reviews, see
Jackson and Jeggo, 1995; Jackson, 1996; Lieberet al.,
1997). DNA-PK is a multi-protein complex consisting of
an ~465 kDa catalytic subunit (DNA-PKcs; Hartleyet al.,
1995) and a DNA targeting component, termed Ku, which
itself consists of two polypeptides of ~70 and 80 kDa
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(Ku70 and Ku80, respectively; Dviret al., 1993; Gottlieb
and Jackson, 1993). Notably, cells deficient in DNA-PKcs
or Ku are hypersensitive to IR and display defects in
DNA DSB rejoining. Furthermore, cells lacking functional
DNA-PK are defective in V(D)J recombination, the
genomic rearrangement process used in mammals to derive
much of the antigen binding diversity of immunoglobulin
and T-cell receptor molecules.

In contrast to mammalian systems, where NHEJ is the
predominant DNA DSB repair pathway, in the yeast
Saccharomyces cerevisiaethis process is used less fre-
quently. Recent work, however, has revealed thatS.cerevis-
iae does possess homologues of both Ku70 and Ku80,
and that these play crucial roles in DNA NHEJ (Boulton
and Jackson, 1996a,b; Feldmannet al., 1996; Mageset al.,
1996; Milneet al., 1996; Siedeet al., 1996). This therefore
suggests that the NHEJ system has been conserved highly
throughout eukaryotic evolution. Consistent with this,
recent studies have provided linkages between both mam-
malian DNA ligase IV and its yeast homologue, Lig4p
(Dnl4p), in DNA NHEJ (Critchlowet al., 1997; Grawunder
et al., 1997; Scharet al., 1997; Teo and Jackson, 1997;
Wilson et al., 1997). Saccharomyces cerevisiaedoes
not, however, possess a clear homologue of DNA-PKcs
(Goffeauet al., 1996). Nevertheless, the existence of the
DNA-PKcs relatives Tel1p and Mec1p inS.cerevisiae, and
the involvement of such factors in DNA damage signalling
(Greenwallet al., 1995; Carr, 1996; Jackson, 1996; Sun
et al., 1996), suggests that one or other of these might
function together with yeast Ku in DNA NHEJ.

Another mechanism of DNA DSB repair employs the
process of homologous recombination and involves the
exchange of genetic information between the damaged
DNA molecule and an undamaged partner (for reviews,
see Friedberget al., 1995; Shinohara and Ogawa, 1995).
Although this process can take place in mammalian cells,
it is used less frequently than DNA NHEJ. By contrast,
homologous recombination is the dominant DSB repair
pathway in S.cerevisiae. Fundamental to homologous
recombination inS.cerevisiaeare the genes encoded by the
RAD52epistasis group (RAD50–57, MRE11and XRS2).
Strains carrying mutations in these genes display similar
degrees of hypersensitivity to IR and show epistatic
interactions when placed in pair-wise combinations.
Nevertheless, theRAD52epistasis group can be divided
into two sub-groups on the basis of the involvement of
different genes in distinct types of recombinational repair.
Thus,RAD50, MRE11andXRS2constitute a distinct sub-
group since, unlike other members of theRAD52epistasis
group, they have been linked to non-homologous chromo-
somal integration, and to illegitimate DSB joining of
chromosomal and episomal DNA (Schiestl and Petes,
1991; Schiestlet al., 1993, 1994; Tsukamotoet al., 1997a).
Significantly, recent work has revealed the existence of
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mammalian homologues ofRAD50 and MRE11 (Petrini
et al., 1995; Dolganovet al., 1996), suggesting that
their functions are conserved throughout the eukaryotic
kingdom.

DNA strand breaks existing within telomeres at the
ends of linear eukaryotic chromosomes are unusual in that
they are not normally recognized as DNA damage. One
way that this may be achieved is via telomeric DNA being
sequestered into a unique type of chromatin organization.
In this regard, it is noteworthy that the telomeres of most
eukaryotes contain repeats of simple repetitive sequences
that are thought to function, in part, as recognition sites for
telomere-associated proteins. For example, inS.cerevisiae,
telomeres consist of tandem arrays of the consensus
sequence C1–3A that include binding sites for the protein
Rap1p, which plays an important role in telomere length
maintenance (Blackburn, 1991; Marcandet al., 1997). As
in many other eukaryotic systems, yeast appears to have
evolved a number of mechanisms to maintain the C1–3A
repeats to combat the gradual loss of terminal chromosomal
sequences during DNA replication. The principal mechan-
ism is believed to utilize the enzyme telomerase, a
ribonucleoprotein complex that extends the C1–3A repeats
by pairing its RNA component with existing telomeric
C1–3A sequences then extending these through a reverse
transcriptase-based elongation–translocation cycle (Cohn
and Blackburn, 1995; Zakian, 1995).

In addition to functioning in the maintenance of chromo-
some integrity, yeast telomeres exert profound influences
on the transcription of adjacent genes. Thus, genes placed
within or near to telomeres are subject to transcriptional
repression as a result of the phenomenon termed the
telomere position effect (TPE) (Gottschlinget al., 1990;
Aparicio et al., 1991; Shore, 1995). Several genes have
been implicated in TPE, some of the best characterized
of which areSIR2, SIR3andSIR4 (Aparicio et al., 1991),
which were first identified in genetic screens looking for
mutations that relieved transcriptional repression of the
silent mating type loci (Klaret al., 1979; Rineet al.,
1979). Notably, none of the Sir proteins appears to contain
DNA binding motifs, and it is thought that they are
targeted to telomeres and to the silent mating type cassettes
via interactions with Rap1p (Shoreet al., 1984; Shore and
Nasmyth, 1987; Morettiet al., 1994). Once positioned at
such loci, Sir2p, Sir3p and Sir4p are believed to bring
about transcriptional silencing, at least in part, via their
packaging DNA into a heterochromatin-like state. Despite
the importance of the C1–3A repeats in TPE, the available
evidence suggests that maximal telomeric silencing also
requires a terminus-specific DNA end-binding factor that
operates synergistically with C1–3A-based silencing. For
example, Stavenhagen and Zakian (1994) demonstrated
that high-copy number plasmids possessing C1–3A repeat
sequences de-repress C1–3A-based silencing but have only
a minor effect on TPE. In contrast, C1–3A repeat sequences
containing extra-chromosomal linear plasmids relieve both
TPE- and C1–3A-based silencing (Wiley and Zakian, 1995).
Together, these data suggest that a factor that can only be
competed effectively by DNA termini plays a crucial role
in telomeric silencing. Although candidate factors have
been detected in several systems, the exact nature of
the protein(s) functioning in this regard remains to be
established.
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In light of the above, it is noteworthy that we and
others have demonstrated a role for yeast Ku in telomere
length maintenance (Boulton and Jackson 1996b; Porter
et al., 1996). Thus, yeast cells defective in either of the
genes for Ku70 or Ku80 (YKU70andYKU80, respectively;
also termedHDF1 and HDF2, respectively) lose the
majority but not all of their terminal C1–3A repeats.
Interestingly, a similar telomere-shortening phenotype is
observed in strains lacking Tel1p, which is related to
DNA-PKcs in sequence. Together, these observations raise
the possibility that Ku might interact with Tel1p, that
Tel1p could be a component of the yeast NHEJ system
and that Tel1p and/or Ku could function in chromosome
terminus-mediated transcriptional repression. Further-
more, they suggest that certain other factors involved in
telomere length control in yeast, such as Sir2p, Sir3p or
Sir4p, could play important roles in DNA NHEJ. Here,
we show that Ku is indeed required for telomere-mediated
transcriptional silencing, whereas Tel1p is not required
for NHEJ and only has a minor effect on TPE. Furthermore,
and consistent with the very recent report by Tsukamoto
et al. (1997b), we find thatSIR2, SIR3andSIR4but not
SIR1 are required for NHEJ. Finally, we reveal that
Rad50p, Mre11p and Xrs2p are essential components of
the Ku-associated DNA NHEJ system and that they
function in telomere length maintenance. However, unlike
Ku and the Sir proteins, Rad50p, Mre11p and Xrs2p have
only a minor effect on TPE. The significance of these
findings in regard to DNA DSB repair, telomere length
control and TPE are discussed.

Results

Yeast Ku is required for telomere-directed

transcriptional silencing

Since Ku binds to DNA DSBs and functions in telomere
length control in yeast, we were interested to learn whether
it is involved in telomere-directed transcriptional silencing.
To address this question, we utilized derivatives of the
yeast strain UCC5 that contain theURA3gene integrated
into the telomeric region of chromosome VII (Figure 1A).
In wild-type strains, thisURA3 gene is subject to TPE
and is consequently transcriptionally silent. However,
URA3becomes de-repressed in yeasts carrying mutations
in genes required for TPE, such asSIR2, SIR3andSIR4
(Aparicio et al., 1991). Using 5-FOA, a uracil analogue
that is lethal to cells able to metabolize uracil, it is
therefore possible to determine the transcriptional status
of the telomere-associatedURA3 marker. Thus, wild-
type strains exhibiting TPE do not expressURA3 and
consequently, are able to grow either in the presence or
absence of 5-FOA (Figure 1B;SIR). This is also the case
for cells disrupted forSIR1function, as loss of this gene
debilitates silencing at the mating-type loci but does not
affect TPE (Aparicioet al., 1991). By contrast, disruption
of SIR2, SIR3or SIR4leads to loss of TPE, the induction
of URA3expression, and a consequential inability to grow
on 5-FOA (Figure 1B). Strikingly, disruption of either
YKU70 or YKU80 results in an inability to grow in the
presence of 5-FOA, indicating that the telomere-associated
URA3gene is transcriptionally active (Figure 1B). These
data therefore reveal that Yku70p and Yku80p play crucial
roles in TPE.
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Fig. 1. Factors required for Ku-dependent DNA NHEJ and telomeric
silencing. (A) Schematic representation of the organization of the
URA3-marked telomere of strain UCC5. AURA3marker with
homology to theADH4 gene and the telomere repeat sequences was
used to insertURA3 into the telomere region of chromosome VII.
(B) TPE assays.YKU70, YKU80andSIR1–4disruptants were
generated in the wild-type (SIR) strain UCC5 carrying theURA3-
marked telomere. The telomericURA3 is transcriptionally active in
yeast carrying mutations in genes required for telomere silencing,
SIR2–4(UCC2, 3 and 4, respectively; Table II), resulting in lethality
on 5-FOA.SIR1is not required for TPE, consequently UCC1 (Table
II) is able to grow on 5-FOA.YKU70andYKU80, like SIR2–4, are
required for TPE, as disruption of either abolishesURA3silencing at
the telomere, resulting in lethality on 5-FOA. For each strain, a
10-fold serial dilution was made five times and 7.5µl aliquots were
plated onto 5-FOA or YPDA plates and incubated at 30°C for 3–4
days. (C) Disruption ofSIR2, SIR3or SIR4impairs plasmid NHEJ.
sir1, sir2, sir3, sir4, SIR (wild-type), yku70or yku80strains (UCC1–5,
UCC70 and UCC80, respectively) were transformed, in parallel, with
supercoiled or linearEcoRI-cleaved pBTM116 (or pRS414). Cells
were plated in duplicate and incubated at 30°C for 3–4 days. The
value plotted is the number of transformants obtained withEcoRI-
linearized vector expressed as a percentage of the number obtained
with the supercoiled vector.

SIR2, SIR3 and SIR4 but not SIR1 are required for

Ku-dependent DNA NHEJ

The observation that yeast Ku, like Sir2p, Sir3p and
Sir4p, is involved both in telomere length regulation and
telomeric silencing suggested that further parallels might
exist between the functions of these proteins. Specifically,
we were interested to determine whetherSIR2, SIR3and
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SIR4influence the Ku-dependent pathway of DNA NHEJ.
To address this possibility, we utilized a transformation-
basedin vivo plasmid repair assay that we have developed
to study Ku-dependent DNA NHEJ (Boulton and Jackson,
1996a,b; Teo and Jackson, 1997). In this assay, the
strain under investigation is transformed with a yeast–
Escherichia colishuttle vector that has been linearized by
treatment with a restriction enzyme. To correct for possible
differences in transformation efficiencies between experi-
ments and between strains, a supercoiled plasmid control
is transformed into the yeast strain, in parallel. Since the
linearized plasmid must be recircularized to be propagated,
the number of transformants obtained with the linear
plasmid normalized to that obtained with the supercoiled
control reflects the yeast strain’s ability to repair the DSB.
Importantly, the plasmid used in these studies is devoid
of yeast-derived sequences around the restriction enzyme
cleavage site, so it is not a good substrate for homologous
recombination and is repaired predominantly by DNA
NHEJ. Strikingly, as is the case for loss of Ku function,
the disruption ofSIR2, SIR3or SIR4results in a dramatic
(~50-fold) drop in plasmid NHEJ (Figure 1C). By contrast,
sir1 mutant strains have essentially wild-type levels of
plasmid rejoining. These data are therefore consistent with
those reported very recently by Tsukamotoet al. (1997b)
and demonstrate that Sir2p, Sir3p and Sir4p are important
components of the DNA NHEJ system.

In addition to measuring the efficiency of NHEJ, the
plasmid repair assay also allows the accuracy of DSB
rejoining to be ascertained by shuttling the repaired
plasmids intoE.coli and analysing these by restriction
enzyme digestion and by DNA sequencing. Previous work
has indicated that, in wild-type strains, the rejoining of
DNA DSBs induced by restriction enzymes such asEcoRI
or XbaI appears to take place almost exclusively by direct
ligation, and no loss or addition of DNA sequences ensues.
By contrast, in the absence of functional Ku, the low
amount of residual DNA NHEJ that occurs results in
deletion of terminal sequences and in DNA joining via
short (usually 2–7 bp) direct repeat elements (Table I;
some repair products are also generated via homologous
recombination-mediated ‘gap repair’ with chromosomal
sequences; Boulton and Jackson, 1996a,b; Scharet al.,
1997; Teo and Jackson, 1997; Wilsonet al., 1997). The
available evidence suggests that this residual ‘error-prone’
DNA NHEJ in the absence of Ku takes place via the
single-stranded annealing pathway (Krameret al., 1994;
Mezard and Nicolas, 1994; Moore and Haber, 1996). To
determine the nature of the residual repair events taking
place inSIR2, SIR3or SIR4disrupted strains, we retrieved
a series of plasmid repair products arising in each case
and subjected these to DNA sequence analyses. Signific-
antly, as is the case for strains deficient in Ku, virtually
all of the residual DNA NHEJ products had suffered
deletions and were joined via short direct repeats (Table
I; as with Ku-defective strains, some homologous re-
combination-mediated gap repair products were also
generated). Furthermore, in each case, the spectrum of
deletion products obtained was similar or identical to those
derived from Ku-deficient strains. These data therefore
suggest that Sir2p, Sir3p and Sir4p function at the same
stage of the DNA NHEJ process as Ku.



S.J.Boulton and S.P.Jackson

Table I. Plasmid repair products generated in various genetic backgrounds (for strains, see Table II)

Strain Repair Fidelity of repair

% to uncut control
Wt 75610 accurate a
yKu70 261 inaccurate b, c, d
lig4 261 accurate/inaccurate a, b, c, d
rad52 4065 accurate a
tel1 75610 accurate a
rad50 261 predominately accurate a, b, c
mre11 261 predominately accurate a, b, c
xrs2 261 predominately accurate a, b, c

yku70 rad50 261 inaccurate b, c, d
yku70 mre11 261 inaccurate b, c, d
yku70 xrs2 261 inaccurate b, c, d

sir1 75610 accurate a
sir2, 3 or 4 261 inaccurate b, c, d

At least 30 repaired plasmids for each strain were shuttled toE.coli and were analysed by restriction enzyme digestion and DNA sequencing. As
reported previously (Boulton and Jackson, 1996a,b), wt strains repair plasmids bearing 59 overhanging cohesive ends with high efficiency and
fidelity. Repair intel1 and rad52 mutant strains is similar to that in wild-type, in that it is both efficient and accurate.sir1 mutant strains also repair
both efficiently and accurately. However, the residual inefficient repair observed inyku70, yku80, sir2, sir3 andsir4 mutant strains is inaccurate,
resulting from repair between short repeats of homology and deletion of the intervening sequences. The inefficient repair observed inlig4 mutant
strains contains a mixture of accurate and inaccurate products (Teo and Jackson, 1997). The inefficient repair observed inrad50, mre11or xrs2
mutant strains is virtually exclusively accurate—only one inaccurate product was observed in therad50 strain and consisted of a small deletion of
24 bp. Inrad50 andmre11, but not in thexrs2 strains, a number of products had undergone gap-repair with the endogenousADH1 gene. Repair
products observed whenRAD50, MRE11, or XRS2were disrupted in ayku70mutant background were predominately inaccurate, similar to that seen
for strains deficient inYKU70alone. Key: precise end-to-end joining (a), small deletions (b), gap repair with the endogenousADH1 gene (c), large
deletions generated through repair between short direct homology repeats (d).

Table II. Yeast strains used in these studies

Strain Genotype Constructed by:

W303-1A MATα ade2 his3 leu2 trp1 ura3 can1-100 Boulton and Jackson (1996a)
W303-1B MATa ade2 his3 leu2 trp1 ura3 can1-100 Boulton and Jackson (1996a)
yku70α W303-1A yKu70::LEU2 Boulton and Jackson (1996a)
yku70a W303-1B yku70::URA3 Boulton and Jackson (1996a)
ligIV W303-1A ligIV::LEU2 Teo and Jackson (1997)
tel1 W303-1A tel1::HIS3 this study
rad50 W303-1A rad50::LEU2 J.Downs
mre11 W303-1A mre11::HIS3 this study
xrs2 W303-1A xrs2::HIS3 this study
rad10 W303-1A rad10::URA3 this study
sgs1 W303–1B sgs1::LEU2 I.Hickson
UCC1 JRY1705 TELadh4::URA3 sir1::HIS3 D.Gottschling
UCC2 JRY1706 TELadh4::URA3 sir2::HIS3 D.Gottschling
UCC3 JRY1264 TELadh4::URA3 sir3::LYS3 D.Gottschling
UCC4 JRY1263 TELadh4::URA3 sir4::HIS3 D.Gottschling
UCC5 DBY703 TELadh4::URA3 D.Gottschling
UCC6 DBY703 ura3–52::URA3 D.Gottschling
UCCyku80 UCC5 yku80::TRP this study
UCCtel1 UCC5 tel1::HIS3 this study
UCCrad50 UCC5 rad50::HIS3 this study
UCCmre11 UCC5 mre11::HIS3 this study
UCCxrs2 UCC5 xrs2::HIS3 this study

TEL1 is not required for Ku-dependent NHEJ and

only has a minor effect on telomeric silencing

Given the homology between Tel1p and DNA-PKcs, and
since disruption ofTEL1 results in telomeric shortening,
we tested for the potential involvement of Tel1p in TPE
and DNA NHEJ. Thus, we analysedtel1 mutant strains
using the transformation-based plasmid repair assay
described above. Notably, these studies revealed thattel1
strains have approximately wild-type levels of plasmid
rejoining (Figure 2A). In addition, analysis of the DNA
NHEJ products arising intel1 mutant yeasts revealed that
virtually all had been repaired by direct DNA end-ligation
and had not suffered nucleotide loss or addition (Table I).
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These results therefore show that Tel1p is not an essential
component of the yeast Ku-associated DNA NHEJ path-
way. To establish whetherTEL1 plays a role in TPE,
TEL1 was disrupted in strain UCC5 that possesses the
URA3gene integrated into the telomeric region of chromo-
some VII (Figure 1A). The resulting strain was then tested
along with control strains for an ability to grow in the
presence or absence of 5-FOA. Significantly, disruption
of TEL1 only results in a minor impairment of growth on
5-FOA, indicating that theURA3gene is repressed almost
completely in this genetic background (Figure 2B). This
contrasts markedly with the situation for strains deficient
in YKU70, where growth on 5-FOA is almost fully
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Fig. 2. Ku and Tel1p function in distinct pathways. (A) TEL1 is not
required for Ku-dependent plasmid NHEJ. Plasmid repair assays were
conducted as outlined in the legend to Figure 1(C), usingEcoRI-cut
and supercoiled pBTM116. (B) Tel1p, unlike Ku, has only a minor
effect in TPE.TEL1 was disrupted in strain UCC5 (generating
UCCTel; Table II) that hasURA3 inserted into the telomere region of
chromosome VII. Assays were performed as outlined in the legend to
Figure 1C.

abrogated. Thus, whereas Ku appears to be essential for
TPE,TEL1has only a minor effect on this process. These
results reinforce the notion that Tel1p and Ku function
independently of one another. Furthermore, since loss of
Ku or Tel1p leads to similar reductions in telomere length,
this suggests that the abrogation of TPE inyku70or yku80
mutant strains is not a simple consequence of the partial
loss of telomeric repeats and, instead, is likely to reflect
a distinct function of Ku in telomeric silencing.

Further loss of telomeric repeats is associated

with the temperature-sensitive lethality of strains

lacking Ku

We and others have shown previously that Ku-deficient
yeast strains are temperature sensitive (ts), and are unable
to grow at 37°C (Feldmann and Winnacker, 1993; Boulton
and Jackson, 1996a,b; Barnes and Rio, 1997). In contrast,
tel1 mutant yeasts grow normally at 37°C (data not
shown). These data therefore support models in which
Ku and Tel1p operate independently from one another.
Consistent with this idea,tel1–yku70or tel1–yku80strains
are even more ts than are strains deficient in Ku alone,
with growth becoming inhibited almost totally at 33.5°C
(data not shown). Interestingly, previous studies have
revealed that strains lacking Ku do not die immediately
upon transfer to the restrictive temperature and, instead,
continue dividing for several generations before arresting
terminally in the G2 phase of the cell cycle (Barnes and
Rio, 1997). Given that this arrest phenotype is reminiscent
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Fig. 3. Ku-deficient strains lose further telomeric repeats at 37°C.
(A) Schematic representation of a yeast chromosomal arm, showing
the locations of the centromeric and telomeric regions, and the relative
positions of the (C1–3A) repeats, and the X9 and Y9 elements.XhoI
cleaves in the conserved Y9 region present in most telomeres,
generating chromosomal terminal fragments of ~1.3 kbp in wt yeast
strains. This fragment includes ~400 bp of repeat (C1–3A) sequences.
(B) Ku-deficient andTel1p-deficient strains both display defects in
telomere length maintenance, but unliketel1 strains, Ku-deficient
strains lose further telomere repeat sequences at 37°C. In each case,
1 µg of XhoI-digested genomic DNA was electrophoresed on a 0.8%
agarose gel, Southern transferred to a nylon membrane and hybridized
with an end-labelled poly(GT)20 probe that anneals to the telomere
repeats.

of that displayed by strains lacking components of telomer-
ase, we tested whether the death of Ku-deficient strains
at 37°C is reflected in changes in telomeric composition.
To this end, cultures of wild-type,tel1, yku70 or yku80
mutant strains were propagated at 30°C, then were split
into two, and one half was propagated further at 30°C,
whilst the other was grown at 37°C. Next, DNA was
isolated, digested with the restriction enzymeXhoI and
subjected to Southern blot hybridization analysis using
the radiolabelled oligonucleotide, poly(GT)20 that hybrid-
izes to the telomeric repeat elements (C1–3A). As depicted
in Figure 3A, XhoI cleaves within the sub-telomeric Y9
region that is found in the majority of yeast telomeres,
thus generating a terminal restriction fragment of ~1.3
kbp that hybridizes with the poly(GT)20 probe. In addition,
a number of higher molecular weight bands are evident,
which correspond to telomeric ends from the subset of
telomeres that lack Y9 regions. As shown previously, at
permissive growth temperatures,yku70or yku80mutant
strains have greatly shortened telomeres, corresponding
to a loss of ~65% of the (C1–3A) terminal telomeric repeat
sequences. Strikingly, whereas telomere length is not
affected when wild-type strains ortel1 mutant yeasts are
incubated at 37°C, the transfer ofyku70or yku80mutant
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Fig. 4. RAD50, MRE11andXRS2are required for Ku-dependent
NHEJ. (A) Strains disrupted forRAD50, MRE11or XRS2,but not
RAD10or SGS1(Table II), display defects in plasmid rejoining.
(B) The rad50, mre11andxrs2 plasmid rejoining defect is epistatic
with defects associated withyku70or lig4 mutations. Plasmid repair
assays were conducted as described in the legend to Figure 1(C), using
EcoRI-cut and supercoiled pBTM116.

strains to 37°C leads to a further dramatic loss of telomeric
repeats [Figure 3B; the further shortened telomeres are
not detected by hybridization to the poly(GT)20 probe
presumably because they have now lost virtually all
of their terminal telomeric repeat sequences]. Indeed,
quantitation of the hybridization signal reveals that the
number of repeats is reduced to ~5% of that found in
wild-type strains. Since previous studies with telomerase-
deficient yeasts have shown that growth arrest ensues
when telomeres are shortened to this extent, these data
suggest that the death of Ku-deficient yeast strains at 37°C
is a consequence of the loss of telomeric repeats.

Strains disrupted for RAD50, MRE11 or XRS2 are

deficient in NHEJ but the precise nature of their

repair defects differs from that of Ku-deficient

strains

Previous studies have revealed thatRAD50, MRE11and
XRS2are involved in illegitimate recombination processes
(Schiestlet al., 1994; Milneet al., 1996; Tsukamotoet al.,
1997a). To define the roles of these genes in DNA DSB
repair, we testedrad50, mre11or xrs2 mutant strains in
the transformation-based plasmid NHEJ assay discussed
above. Notably, as is the case for strains debilitated in
YKU70, YKU80 or LIG4, rad50, mre11and xrs2 mutant
yeasts display an ~40 to 50-fold reduction in plasmid
rejoining (Figure 4A). By contrast, disruption of the DNA
repair-associated genesRAD10 or SGS1has little or no
effect on DNA NHEJ. Importantly,rad50–yku70, mre11–
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yku70or xrs2–yku70double mutant yeasts are not signi-
ficantly more debilitated in plasmid repair than are the
single mutant strains (Figure 4B). Similarly,rad50–lig4,
mre11–lig4 or xrs2–lig4 double mutants are not appre-
ciably more impaired than are the single mutants (Figure
4B). Taken together, these data indicate that Rad50p,
Mre11p and Xrs2p function epistatically with Ku and
Lig4p in DNA NHEJ.

To determine the nature of the residual plasmid repair
events taking place inrad50, mre11 and xrs2 mutant
strains, we retrieved a series of the plasmid repair products
arising in each case and subjected these to DNA sequence
analyses. As is the case with strains deficient in Ku, a
subset of the repair products arising inrad50 or mre11
mutant strains had been generated by homologous recomb-
ination-mediated gap repair with chromosomal sequences
(Table I). In contrast, none of the products arising inxrs2
mutant strains was of this type, which is in line with the
demonstrated role ofXRS2in RAD52-dependent homolog-
ous recombination. More significantly, as shown in Table
I, virtually all of the DNA NHEJ products derived from
rad50, mre11 or xrs2 mutant yeasts had been ligated
accurately, without nucleotide loss or addition (the only
exception to this was a single NHEJ product arising in
the rad50 mutant, which had lost a small amount of
terminal sequences before ligation had ensued; see Table
I legend). This therefore contrasts markedly with the
situation for Ku-deficient strains, where nearly all residual
NHEJ products suffer deletions. Taken together, these
results show that, although Rad50p, Mre11p and Xrs2p
are required for efficient DNA NHEJ, these proteins have
different roles from Ku in this process (see Discussion).
To gain insights into the epistatic relationships between
the two distinct phenotypes for residual NHEJ, we analysed
the nature of the residual repair products arising inyku70–
rad50, yku70–mre11or yku70–xrs2double mutant yeasts.
Significantly, virtually all the residual plasmid rejoining
in such strains is inaccurate, with plasmids containing
deletions of various sizes (Table I). These products are
hence similar or identical to those observed in strains
lacking Ku alone. This indicates that, with regard to DNA
NHEJ, the repair phenotype associated with lack of Ku is
dominant over that associated with disruption ofRAD50,
MRE11or XRS2(see Discussion).

Disruption of RAD50, MRE11 or XRS2 results in

telomeric shortening but has only a minor effect

on telomeric silencing

The above results establish a role forRAD50, MRE11and
XRS2in DNA NHEJ. Given that some (YKU70, YKU80,
SIR2, SIR3andSIR4) but not all (LIG4) of the other genes
involved in NHEJ function in telomere length maintenance
and TPE, we tested whetherRAD50, MRE11 and XRS2
are involved in these processes. Thus, genomic DNA was
recovered from cultures of the appropriate strains, was
digested withXhoI and analysed by Southern hybridization
analysis using a radiolabelled poly(GT)20 probe that
anneals to the C1–3A telomeric repeat elements. Notably,
these studies revealed thatrad50, mre11andxrs2 mutant
strains suffer dramatic telomeric attrition, losing ~65% of
their terminal repeat sequences (Figure 5A). Furthermore,
no further telomere shortening is evident inyku70–rad50,
yku70–mre11 or yku70–xrs2 double mutant strains
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Fig. 5. Rad50p, Mre11p and Xrs2p are required for telomeric length
maintenance but not for TPE. (A) rad50, mre11andxrs2 strains
display dramatic telomeric attrition, a defect that is epistatic with the
telomeric length defect of Ku-deficient strains. Telomere length was
determined as outlined in the legend to Figure 3B. (B) To determine
the involvement ofRAD50, MRE11andXRS2in TPE, disruptions of
each gene were made in the strain UCC5 (URA3-marked telomere),
generating UCCrad50, UCCmre11 and UCCxrs2, respectively. TPE
assays were determined as outlined in the legend to Figure 1B.

(Figure 5A). These results therefore indicate thatRAD50,
MRE11and XRS2function epistatically with Ku in telo-
mere length maintenance.

In light of the above, we assessed the potential involve-
ment of RAD50, MRE11 and XRS2in TPE. To do this,
RAD50, MRE11or XRS2disruptions were constructed in
strain UCC5 containing aURA3-tagged telomere, and
telomeric silencing ofURA3 was assessed by testing the
resulting strains for growth in the presence or absence of
5-FOA (Figure 5B). Significantly, these studies revealed
that URA3 remains fully repressed inrad50, mre11and
xrs2 mutant strains. Therefore, despite functioning in a
manner similar toYKU70andYKU80 in telomere length
control and DNA NHEJ,RAD50, MRE11andXRS2differ
from the Ku components in that they are not essential
for TPE.

rad50 but not mre11 or xrs2 mutant strains are ts

and lose additional terminal telomeric sequences

at the non-permissive temperature

Since Ku-deficient yeasts are ts, we tested whether this is
also the case for yeasts disrupted forRAD50, MRE11or
XRS2. Thus, overnight cultures of wild-type,rad50, mre11,
xrs2 or yku70 mutant strains were diluted serially and
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Fig. 6. The rad50 mutation, unlike themre11andxrs2 mutations,
leads to ts growth defect and a concomitant loss of additional
telomeric repeats at 37°C, phenotypes similar to that observed for
Ku-deficient strains. (A) The temperature sensitivity of wt,yku80,
rad50, mre11andxrs2 mutant strains was determined by plating 15µl
aliquots of a 53 10-fold serial dilution in duplicate onto YPDA plates
followed by growth at either 30 or 37°C for 3–4 days. (B) rad50
strains but notmre11or xrs2 mutant strains, lose additional telomere
sequences at 37°C. Growth conditions and assays were as outlined in
the legend to Figure 2C.

each dilution was plated, in duplicate, onto YPDA media
plates. One plate was then incubated further at 30°C,
whilst the other was incubated at 37°C. Perhaps surpris-
ingly, whereasmre11andxrs2 mutant strains are able to
grow effectively at 37°C, the growth ofrad50 strains is
impaired dramatically at this temperature (Figure 6A).
Importantly, this ts growth defect was observed with
several independently derivedrad50 strains, indicating
that it is indeed a consequence of therad50 mutation. As
demonstrated above, Ku-deficient strains are ts and lose
further telomeric sequences at the restrictive temperature,
whereas mutants such astel1, which are not ts, do
not. To see whether this correlation extends further,
we employed Southern blot-hybridization to analyse the
effects on telomere length of culturingrad50, mre11and
xrs2 mutant strains at 30 or 37°C (Figure 6B). Notably,
as is the case fortel1 mutants, the shortened telomeres of
mre11 or xrs2 mutant yeasts are not shortened further
upon transfer to 37°C. In marked contrast, the shortened
telomeres ofrad50mutant yeasts growing at 30°C undergo
a dramatic further reduction in length upon transfer to
37°C (Figure 6C). Thus, as with strains bearing mutations
in YKU70or YKU80, the temperature sensitivity ofrad50
mutant strains correlates with further loss of telomeric
sequences, suggesting that telomeric attrition causes the
growth arrest of these strains at 37°C.
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Discussion

Previous studies have revealed that Yku70p and Yku80p
function in DNA NHEJ and also play a role in telomere
length maintenance. Here, we show that cells disrupted
for Ku function are also debilitated in telomere-associated
transcriptional silencing. Since the telomeric shortening
and loss of TPE phenotypes of Ku-deficient strains are
very similar to those reported for strains disrupted forSIR2,
SIR3or SIR4, we investigated the potential involvement of
these three latter genes in DNA NHEJ. Notably, and
consistent with the recent report by Tsukamotoet al.
(1997b), by using a transformation-basedin vivo plasmid
DNA DSB rejoining assay, we find thatsir2, sir3 or
sir4 mutant strains are highly deficient in DNA NHEJ.
Moreover, by analysing the precise nature of the residual
repair products that arise insir2, sir3 or sir4 mutant strains,
we discovered that their repair defects are indistinguishable
from one another and from those of strains deficient in
Yku70p or Yku80p. Thus, such strains are incapable of
ligating two cohesive restriction enzyme-induced DNA
termini effectively, and the residual repair that does occur
results in the deletion of terminal sequences and the
joining of the resected DNA ends via short direct sequence
repeats. Hence, Sir2p, Sir3p and Sir4p behave as compon-
ents of the Ku-associated DNA NHEJ apparatus.

The association of Ku with telomeric silencing is in
accord with studies indicating that DNA ends contribute
to transcriptional silencing at yeast telomeres and with
work in vertebrate systems, which has revealed that Ku,
either alone or in association with DNA-PKcs, is a potent
inhibitor of transcription (Kuhnet al., 1995; Labhart,
1995). The association of Ku with TPE is also in line
with the fact that Yku70p interacts with Sir4p in the yeast
two-hybrid system (Tsukamotoet al., 1997b). An attractive
model, therefore, is that yeast Ku recognizes telomeric
DNA ends directly and, through its interactions with Sir4p,
helps to recruit the Sir2p–Sir3p–Sir4p (Sir) complex to
the telomere. Since such a mechanism would be distinct
from the recruitment of the Sir complex via interactions
with the telomere repeat binding protein Rap1p, this could
help explain how C1–3A repeats and DNA termini function
synergistically in establishing telomeric silencing. A
requirement of DNA termini for Ku to influence silencing
would also be consistent with the fact that Ku has no
apparent role in silencing at the yeast silent mating type
loci, which are located within the body of the chromosome
and are not apposed closely to DNA ends.

Investigations into the mechanisms of TPE in yeast and
the related phenomenon of position effect variegation in
Drosophila melanogasterhave indicated that transcrip-
tionally repressed regions of the genome exist in a con-
densed heterochromatin-like state. Although the
mechanism by which this state is established is unknown,
the ability of Sir3p and Sir4p to interact with the N-
terminal tails of histones H3 and H4, and the requirement
of these tails for Sir-mediated silencing, suggest that it is
brought about by the Sir protein complex interacting
directly with nucleosomal DNA and causing its condensa-
tion (Hechtet al., 1995; Grunstein, 1997; Jackson, 1997).
The involvement of Sir2p, Sir3p and Sir4p in the Ku-
dependent DNA NHEJ system and the interaction of Ku
with Sir4p therefore suggest that, upon association with
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sites of DNA damage, Ku recruits the Sir protein complex
and this then leads to the DNA in the vicinity of the DNA
DSB becoming assembled into transcriptionally silenced
heterochromatin. There are several ways in which this
could potentiate DNA repair. First, because silenced chro-
matin is largely inaccessible to DNA-modifying enzymes,
it could prevent nuclease-mediated degradation of dam-
aged DNA ends. Consistent with this, the low level of
DNA NHEJ operating in Ku-deficient or Sir protein-
deficient yeasts leads to repair products that have suffered
deletions. In addition, the Ku–Sir protein complex
assembled at the site of DNA damage could, either alone
or via the formation of heterochromatin, prevent processes
such as transcription and possibly DNA replication from
interfering with the assembly of the DNA repair apparatus.
Alternatively, or in addition, the condensation of the
damaged DNA could aid the juxtaposition of the two
broken DNA ends and thus increase the efficiency of their
ligation. Finally, the condensation of DNA in the vicinity
of DNA DSBs could help prevent the DNA ends from
engaging in undesirable recombination reactions with
other loci.

Although Ku is involved in telomere length control and
TPE, we have noted that inactivation of the gene for
another component of the Ku-associated DNA NHEJ
system, Lig4p, has no appreciable effect on either of
these two processes (Teo and Jackson, 1997; S.J.Boulton,
unpublished data). Hence, loss of TPE and normal telomere
length control inyku70 or yku80 mutant strains is not
apparently a simple consequence of a DSB repair defect.
In light of the above, we investigated the potential involve-
ment of several other factors in DNA NHEJ, telomere
length control and TPE. AlthoughTEL1 was a good
candidate for functioning in these processes, disruption of
TEL1 has no detectable effect on either the efficiency or
accuracy of DNA NHEJ, and telomeric silencing is only
debilitated slightly intel1 mutant strains. Other genes that
we investigated areRAD50, MRE11andXRS2, as previous
studies have indicated that cells disrupted for these are,
amongst other things, defective in illegitimate recombina-
tion. Significantly, we found thatrad50, mre11 or xrs2
mutant strains are essentially as debilitated in DNA NHEJ
as are those disrupted forYKU70, YKU80 or LIG4.
Furthermore, disruption ofRAD50, MRE11 or XRS2 in
yku70 or lig4 mutant backgrounds does not lead to a
greater defect in NHEJ than those exhibited by singly
mutated strains. Together with previous studies revealing
epistatic relationships between Ku and Lig4p in DNA
DSB rejoining, this indicates that Rad50p, Mre11p, Xrs2p,
Yku70p, Yku80p and Lig4p function together in the same
DNA NHEJ repair pathway. Notably, although Rad50p,
Mre11p and Xrs2p are essential for efficient plasmid
rejoining, the residual repair observed in their absence is
predominantly accurate, in contrast to the mainly error-
prone repair observed inyku70, yku80, lig4 or sir mutant
strains. A possible explanation for this is that, in the
absence of Rad50p, Mre11p or Xrs2p, the Ku–Sir protein
complex is still (directly, or indirectly through establishing
transcriptionally silenced heterochromatin) able to prevent
the access of nucleases and the error-prone repair
machinery. Consistent with this model, disruption of
YKU70or YKU80 in either rad50, mre11or xrs2 mutant
backgrounds leads to error-prone repair.
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The role(s) played by Rad50p, Mre11p and Xrs2p in
NHEJ is unknown. However, the fact that Rad50p and
Mre11p share homology withE.coli SbcC and SbcD,
which together constitute an ATP-dependent exonuclease
(Connelly and Leach, 1996), raises the possibility that
they process DNA ends prior to their ligation. Such a role
would be essential for the repair of IR-induced DSB
breaks, which normally possess damaged termini that
preclude repair by simple ligation (Friedberget al., 1995).
DNA end processing is, however, unlikely to be the only
function of the Rad50p–Mre11p–Xrs2p complex in NHEJ,
because there is no obvious requirement for such an
activity in repairing restriction enzyme-generated DNA
DSBs in the plasmid rejoining assay. Hence, an additional
function of the Rad50p–Mre11p–Xrs2p complex may be
to serve as a bridging factor between Ku and other
components of the NHEJ pathway. Interestingly, human
Mre11 was identified initially in a yeast two-hybrid screen
for proteins that interact with DNA ligase I (Petriniet al.,
1995), raising the possibility that the Rad50p–Mre11p–
Xrs2p complex recruits Lig4p to the DSB. Finally, it is
noteworthy that, as for inactivation ofYKU70or YKU80,
disruption of eitherRAD50, MRE11 or XRS2 leads to
telomeric attrition. Since the products of these genes
appear to operate together in NHEJ, it is tempting to
speculate that they also function together in telomere
length control. At present, the role(s) of Yku70p, Yku80p,
Rad50p, Mre11p and Xrs2p in telomere maintenance
remains unclear but one possibility is that they constitute
a telomeric end binding complex that facilitates the
recruitment of other proteins to telomeric DNA. The recent
finding that Ku associates with Sir4p (Tsukamotoet al.,
1997b) supports this idea. Notably, Sir4p also interacts
with Rap1p, a key regulator of telomere length (Marcand
et al., 1997). Thus, it is possible that loss of Ku or the
Rad50p–Mre11p–Xrs2p complex affects the localization
of Sir4p and its associated Rap1p, and it is this that results
in the defect in telomere length homeostasis.

Materials and methods

Media, growth conditions and plasmid repair assays
Non-selective (YPED), selective media, pre-sporulation and sporulation
media were as described by Shermanet al. (1979). TPE was determined
as described by Aparicioet al. (1991). Briefly, yeast colonies were
picked into dH2O and diluted five times by 10-fold serial dilution.
Aliquots (7.5µl) of each dilution were spotted in duplicate onto YPED
plates with or without 5-FOA and then incubated at 30°C for 3–4 days.
The ts phenotype was assayed by spotting 7.5µl aliquots of serially
diluted culture in duplicate onto non-selective media followed by
incubation at 30 or 37°C for 3–4 days. Plasmid repair assays were
performed as described by Boulton and Jackson (1996a,b).

Gene disruptions
The RAD50disruption construct was generated by PCR cloning a 1.46
kb fragment (Rad50-1/Rad50-2 primers) into pGEM-T (Promega), and
the open reading frame (ORF) was disrupted by inserting either aURA3
or HIS3 marker into the uniqueXbaI site. The resulting disruption
fragment was excised usingSpeI/SphI and used to transform the
appropriate strains. Themre11::HIS3 disruption was generated by PCR
cloning a 2.459 kbp fragment (Mre11-A/Mre11-B primers) into pCRscript
(Stratagene), and the ORF was disrupted by insertion of aHIS3 marker
into the StuI site. The disruption fragment was liberated byPvuII
digestion. Thexrs2::HIS3 disruption construct was generated by PCR
cloning a 2.759 kbp fragment (Xrs2-A/Xrs2-B primers) into pCRscript,
and the ORF was disrupted by insertion of aHIS3marker into theXbaI
site; the disruption fragment was liberated byNaeI/StuI digestion. The
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TEL1 disruption fragment was constructed by PCR cloning a 1.8 kbp
fragment into pBS-SK1, using Tel1-1 and Tel1-2 primers, and aHIS3
selectable marker was used to disrupt the ORF by inserting intoEcoRI/
PvuII restriction sites unique within theTEL1 fragment. The disruption
fragment was excised usingClaI and was used to transform the
appropriate strains. TheRAD10disruption construct was generated by
cloning a 2.029 kbp fragment (Rad10a/Rad10b) into pGEM-T, and the
ORF was disrupted by inserting aHIS3 fragment into theXbaI/EcoRV
sites. The disruption fragment was excised usingSacII/NotI. All strains
were checked by PCR screening as described previously (Boulton and
Jackson 1996a).

Plasmids and DNA manipulation
All yeast–E.coli shuttle vectors used have CEN/ARS sequences for
stable maintenance in yeast, an auxotrophic yeast selectable marker.
pBTM:TRP1 selection (obtained from Stan Fields). pRS413/4/5/6
(Stratagene):HIS3, TRP1, LEU2 andURA3selectable markers, respect-
ively. Bacterial plasmid DNA extraction was performed using the QIAgen
mini plasmid isolation kit (QIAgen). This DNA was used for automated
sequencing (Applied Biosystems). Genomic and plasmid DNA from
yeast was isolated as outlined in Ausubelet al. (1991). For telomere
analysis, 1µg of genomic DNA was digested overnight with 10 units
of XhoI, then analysed on a 0.8% agarose gel, transferred to nitrocellulose,
and used for hybridization to the telomere sequences with a poly(GT)20
oligo. Telomere blots were hybridized in Church buffer (7% SDS, 1%
BSA, 0.25M Na2HPO4, 1 mM EDTA) overnight at 60°C and washed in
0.23 SSC, 0.1% SDS at room temperature for 20 min before exposing
to film.

Primers
Tel1-1 CTATGGTAGACAAAACATTGACC
Tel1-2 GCACTAAATGGTCTACATTTATGG
Rad50-1 CGCTTCTAAAGCGGCTTTCAAGCTTTGATC
Rad50-2 CAGAGTCATGGATTAATTTAGATCTGTCC
Mre11-A CAAACATATGTTGGAAATGC
Mre11-B AGCCCTTGGTTATAAATAGGA
Xrs2-A GCAATGCGTAAACCAAATAAGC
Xrs2-B GATCCGATACAGCTGAAACAA
Rad10a GTCTACAATCTTACCTGGGATG
Rad10b CTGAATTTCACATCATTGTCAGAGG

Acknowledgements

We thank all members of the SPJ laboratory, especially J.Downs, S-
H.Teo, R.Izzard, J.Rouse, S.Bell and F.d’Adda di Fagagna, for helpful
discussions. Thanks also to Dan Gottschling and Ian Hickson for UCC1-
5 and sgs1 strains, respectively, and to S.Fields for pBTM116. This
work was funded by the Cancer Research Campaign (CRC; grants
SP2143/0103), and S.J.Boulton is supported by a CRC studentship.

References

Aparicio,O.M., Billington,B.L. and Gottschling,D.E. (1991) Modifiers of
position effect are shared between telomeric and silent mating-type loci
in S.cerevisiae. Cell, 66, 1279–1287.

Ausubel,F.M., Brent,R., Kingston,R.E., Moore,D.D., Seidman,J.G.,
Smith,J.A. and Struhl,K. (1991)Current Protocols in Molecular
Biology.J. Wiley & Sons, Chichester, UK.

Barnes,G. and Rio,D. (1997) DNA double-strand break sensitivity, DNA
replication, and cell cycle arrest phenotypes of Ku-deficient
Saccharomyces cerevisiae. Proc. Natl Acad. Sci. USA, 94, 867–872.

Blackburn,E.H. (1991) Structure and function of telomeres.Nature, 350,
569–573.

Boulton,S.J. and Jackson,S.P. (1996a)Saccharomyces cerevisiae Ku70
potentiates illegitimate DNA double-strand break repair and serves as a
barrier to error-prone DNA repair pathways.EMBO J., 15, 5093–5103.

Boulton,S.J. and Jackson,S.P. (1996b) Identification of aSaccharomyces
cerevisiae Ku80homologue: roles in DNA double strand break rejoining
and telomeric maintenance.Nucleic Acids Res., 24, 4639–4648.

Carr,A.M. (1996) Checkpoints take the next step.Science, 271, 314–315.
Cohn,M. and Blackburn,E.H. (1995) Telomerase in yeast.Science, 269,

396–400.
Connelly,J.C. and Leach,D.R.F. (1996) ThesbcC and sbcD genes of

Escherichia coliencode a nuclease involved in palindrome inviability
and genetic recombination.Genes to Cells, 1, 285–291.



S.J.Boulton and S.P.Jackson

Critchlow,S.E., Bowater,R.P. and Jackson,S.P. (1997) Mammalian DNA
double-strand break repair protein XRCC4 interacts with DNA ligase
IV. Curr. Biol., 7, 588–598.

Dolganov,G.M., Maser,R.S., Novikov,A., Tosto,L., Chong,S.,
Bressan,D.A. and Petrini,J.H.J. (1996) Human Rad50 is physically
associatedwith humanMre11: Identification ofa conservedmultiprotein
complex implicated in recombinational DNA repair.Mol. Cell. Biol.,
16, 4832–4841.

Dvir,A., Stein,L.Y., Calore,B.L. and Dynan,W.S. (1993) Purification and
characterization of a template-associated protein kinase that
phosphorylates RNA polymerase II.J. Biol. Chem., 268, 10440–10447.

Feldmann,H. and Winnacker,E.L. (1993) A putative homologue of the
human autoantigen Ku fromSaccharomyces cerevisiae. J. Biol. Chem.,
268, 12895–12900.

Feldmann,H., Driller,L., Meier,B., Mages,G., Kellermann,J. and
Winnacker,E.L. (1996) Hdf2, the second subunit of the Ku homolog
from Saccharomyces cerevisiae. J. Biol. Chem., 271, 27765–27769.

Friedberg,E.C., Walker,G.C. and Siede,W. (1995)DNA Repair and
Mutagenesis.American Society for Microbiology, Washington, DC.

Goffeau,A.et al.(1996) Life with 6000 genes.Science, 274, 546.
Gottlieb,T.M.andJackson,S.P. (1993)TheDNA-dependentproteinkinase:

requirement for DNA ends and association with Ku antigen.Cell, 72,
131–142.

Gottschling,D.E., Aparicio,O.M., Billington,B.L. and Zakian,V.A. (1990)
Position effect atS.cerevisiaetelomeres: reversible repression of pol II
transcription.Cell, 63, 751–762.

Grawunder,U., Wilm,M., Wu,X., Kulesza,P., Wilson,T.E., Mann,M. and
Lieber,M.R. (1997) Activity of DNA ligase IV stimulated by complex
formation with XRCC4 protein in mammalian cells.Nature, 388, 492–
495.

Greenwall,P.W., Kronmal,S.L., Porter,S.E., Gassenhuber,J., Obermaier,B.
and Petes,T.D. (1995)TEL1, a gene involved in controlling telomere
length in S.cerevisiae, is homologous to the Human Ataxia
Telangiectasia gene.Cell, 82, 823–829.

Grunstein,M. (1997) Histone acetylation in chromatin structure and
transcription.Nature, 389, 349–352.

Hartley,K.O., Gell,D., Smith,G.C.M., Zhang,H., Divecha,N.,
Connelly,M.A., Admon,A., Lees-Miller,S.P., Anderson,C.W. and
Jackson,S.P. (1995) DNA-dependent protein kinase catalytic subunit: A
relative of phosphatidylinositol 3-kinase and the Ataxia Telangiectasia
gene product.Cell, 82, 849–856.

Hecht,A., Laroche,T., Strahl-Bolsinger,S., Gasser,S.M. and Grunstein,M.
(1995) Histone H3 and H4 N-termini interact with SIR3 and SIR4
proteins: a molecular model for the formation of heterochromatin in
yeast.Cell, 80, 583–592.

Jackson,S.P. (1996) DNA damage detection by DNA dependent protein
kinase.Cancer Surveys, 28, 261–279.

Jackson,S.P. (1997) Silencing and DNA repair connect.Nature, 388,
829–830.

Jackson,S.P. and Jeggo,P.A. (1995) DNA double-strand break repair and
V(D)J recombination: involvement of DNA-PK.Trends Biochem. Sci.,
20, 412–415.

Klar,A.J.S., Fogel,S. and McLeod,K. (1979) MAR1 a regulator ofHMa
andHMα loci in Saccharomyces cerevisiae. Genetics, 93, 37–50.

Kramer,K.M.,Brock,J.A.,Bloom,K.,Moore,K.andHaber,J.E. (1994)Two
different types of double-strand breaks inSaccharomyces cerevisiaeare
repaired by similar RAD52-independent, nonhomologous
recombination events.Mol. Cell. Biol., 14, 1293–1301.

Kuhn,A., Gottlieb,T.M., Jackson,S.P. and Grummt,I. (1995) DNA-
dependent protein kinase: a potent inhibitor of transcription by RNA
polymerase I.Genes Dev., 9, 193–203.

Labhart,P. (1995) DNA-dependent protein kinase specifically represses
promoter-directed transcription initiation by RNA polymerase I.Proc.
Natl Acad. Sci. USA, 92, 2934–2938.

Lieber,M.R., Grawunder,U., Wu,X.T. and Yaneva,M. (1997) Tying loose
ends: Roles of Ku and DNA-dependent protein kinase in the repair of
double-strand breaks.Curr. Opin. Genet. Dev., 7, 99–104.

Mages,G.J., Feldmann,H.M. and Winnacker,E.-L. (1996) Involvement of
theSaccharomyces cerevisiae HDF1gene in DNA double-strand break
repair and recombination.J. Biol. Chem., 271, 7910–7915.

Marcand,S., Gilson,E. and Shore,D. (1997) A protein-counting mechanism
for telomere length regulation in yeast.Science, 275, 986–990.

Mezard,C. and Nicolas,A. (1994) Homologous, homeologous, and
illegitimate repair of double-strand breaks during transformation of a
wild-type strain and arad52mutant strain ofSaccharomyces cerevisiae.
Mol. Cell. Biol., 14, 1278–1292.

Milne,G.T., Jin,S., Shannon,K.B. and Weaver,D.T. (1996) Mutations in

1828

two Ku homologs define a DNA end-joining repair pathway in
Saccharomyces cerevisiae. Mol. Cell. Biol., 16, 4189–4198.

Moore,J.K. and Haber,J.E. (1996) Cell cycle and genetic requirements of
two pathways of non-homologous end-joining repair of double-strand
breaks inSaccharomyces cerevisiae. Mol. Cell. Biol., 16, 2164–2173.

Moretti,P., Freeman,K., Coodley,L. and Shore,D. (1994) Evidence that a
complex ofSIRproteins interacts with the silencer and telomere-binding
proteinRAP1. Genes Dev., 8, 2257–2269.

Petrini,J.H.J., Walsh,M.E., DiMare,C., Chen,X., Korenberg,J.R. and
Weaver,D.T. (1995) Isolation and characterisation of the human MRE11
homologue.Genomics, 29, 80–86.

Porter,S.E.,Greenwell,P.W.,Ritchie,K.B.andPetes,T.D. (1996)TheDNA-
binding protein Hdf1p (a putative Ku homologue) is required for
maintaining normal telomere length inSaccharomyces cerevisiae.
Nucleic Acids Res., 24, 582–585.

Rine,J., Strathern,J.N., Hicks,J.B. and Herskowitz,I. (1979) A supressor
of mating-type locus mutations inSaccharomyces cerevisiae. Genetics,
93, 877–901.

Schar,P., Herrmann,G., Daly,G. and Lindahl,T. (1997) A newly identified
DNA ligaseSaccharomyces cerevisiaeinvolved in RAD52-independent
repair of DNA double-strand breaks.Genes Dev., 11, 1912–1924.

Schiestl,R.H. and Petes,T.D. (1991) Integration of DNA fragments by
illegitimate recombination inSaccharomyces cerevisiae. Proc. Natl
Acad. Sci. USA, 88, 7585–7589.

Schiestl,R.H., Dominska,M. and Petes,T.D. (1993) Transformation of
Saccharomyces cerevisiaewith nonhomologous DNA: Illegitimate
integration of transforming DNA into yeast chromosomes andin vivo
ligation of transforming DNA to mitochondrial DNA sequences.Mol.
Cell. Biol., 13, 2697–2705.

Schiestl,R.H., Zhu,J. and Petes,T.D. (1994) Effect of mutations in genes
affecting homologous recombination on restriction enzyme-mediated
and illegitimate recombination inSaccharomyces cerevisiae. Mol. Cell.
Biol., 14, 4493–4500.

Sherman,F., Fink,G.R. and Laurence,C. (1979)Methods in Yeast Genetics.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

Shinohara,A. and Ogawa,T. (1995) Homologous recombination and the
roles of double-strand breaks.Trends Biol. Sci., 20, 387–391.

Siede,W., Friedl,A.A., Dianova,I., Eckardt-Schupp,F. and Friedberg,E.C.
(1996) The Saccharomyces cerevisiaeKu autoantigen homologue
affects radiosensitivity only in the absence of homologous
recombination.Genetics, 142, 91–102.

Shore,D. (1995) Telomere position effects and transcriptional silencing in
the yeastSaccharomyces cerevisiae. Telomeres.Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.

Shore,D. and Nasmyth,K.A. (1987) Purification and cloning of a DNA
binding protein from yeast that binds to both silencer and activator
elements.Cell, 51, 721–732.

Shore,D., Squire,M. and Nasmyth,K.A. (1984) Characterization of two
genes required for position effect control of mating type.EMBO J., 3,
2817–2823.

Stavenhagen,J.B. and Zakian,V.A. (1994) Internal tracts of telomeric DNA
act as silencers inSaccharomyces cerevisiae. Genes Dev., 8, 1411–1422.

Sun,Z., Fay,D.S., Marini,F., Foiani,M. and Stern,D. (1996) Spk1/Rad53 is
regulated by Mec1-dependent phosphorylation in DNA replication and
damage checkpoint pathways.Genes Dev., 10, 395–406.

Teo,S.-H. and Jackson,S.P. (1997) Identification ofSaccharomyces
cerevisiaeDNA ligase IV: involvement in DNA double-strand break
repair.EMBO J., 16, 4788–4795.

Tsukamoto,Y., Kato,J. and Ikeda,H. (1997a) Budding yeast Rad50, Mre11,
Xrs2 and Hdf1, but not Rad52, are involved in the formation of deletions
on a dicentric plasmid.Mol. Gen. Genet., 255.

Tsukamoto,Y., Kato,J. and Ikeda,H. (1997b) Silencing factors participate
in DNA repair and recombination inSaccharomyces cerevisiae. Nature,
388, 900–903.

Wiley,E.A. and Zakian,V.A. (1995) Extra telomeres, but not internal tracts
of telomeric DNA, reduce transcriptional repression atSaccharomyces
telomeres.Genetics, 139, 67–79.

Wilson,T.E., Grawunder,U. and Lieber,M.R. (1997) Yeast DNA ligase IV
mediates non-homologous DNA end joining.Nature, 388, 495–498.

Zakian,V.A. (1995)Saccharomycestelomeres: function, structure and
replication. InTelomeres.Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.

Received December 5, 1997; revised January 23, 1998;
accepted January 26, 1998


