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The SIR2/3/4 complex and SIR2 alone
promote longevity in Saccharomyces
cerevisiae by two different mechanisms
Matt Kaeberlein,1 Mitch McVey,1 and Leonard Guarente2

Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 USA

The SIR genes are determinants of life span in yeast mother cells. Here we show that life span regulation by
the Sir proteins is independent of their role in nonhomologous end joining. The short life span of a sir3 or sir4
mutant is due to the simultaneous expression of a and a mating-type information, which indirectly causes an
increase in rDNA recombination and likely increases the production of extrachromosomal rDNA circles. The
short life span of a sir2 mutant also reveals a direct failure to repress recombination generated by the
Fob1p-mediated replication block in the rDNA. Sir2p is a limiting component in promoting yeast longevity,
and increasing the gene dosage extends the life span in wild-type cells. A possible role of the conserved SIR2
in mammalian aging is discussed.
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In the budding yeast Saccharomyces cerevisiae, the SIR
(silent information regulator) genes serve several func-
tions. SIR1, SIR2, SIR3, and SIR4 were first identified as
necessary components for the transcriptional repression
of the silent mating type loci, HML and HMR (Ivy et al.
1986; Rine and Herskowitz 1987). Loss of silencing at
these loci results in coexpression of a and a mating type
genes and sterility in haploid strains. An additional func-
tion of SIR2, SIR3, and SIR4 was demonstrated by show-
ing that reporter genes positioned at telomere-proximal
sequences exhibit positional effect variegation (PEV) of
gene expression (Gottschling et al. 1990). Sir3p and Sir4p
can be visualized at telomeric locations microscopically,
and sir mutations result in a loss of PEV, telomere short-
ening, and the constitutive expression of telomeric re-
porter genes (Aparicio et al. 1991; Palladino et al. 1993).

A growing body of evidence suggests that the Sir pro-
teins are also involved in nonhomologous end joining
(NHEJ), which is used to repair breaks in DNA by liga-
tion of the free ends (for review, see Critchlow and Jack-
son 1998). In mammalian cells, DNA protein kinase and
KU70/85 carry out NHEJ, which can occur in response
to double strand breaks. In yeast, HDF1 and HDF2 en-
code Ku70p and Ku80p and, together with other genes
including DNL4, XRS2, MRE11, and RAD50, are re-
quired for NHEJ (Boulton and Jackson 1996a,b; Moore
and Haber 1996; Teo and Jackson 1997). Sir4p interacts
with Hdf1p in a two-hybrid assay, and efficient NHEJ

requires SIR2, SIR3, and SIR4 (Tsukamoto et al. 1997;
Boulton and Jackson 1998). Furthermore, genetic and
biochemical experiments imply a direct role for the Sir
proteins and Hdf1p in NHEJ (Martin et al. 1999; Mills et
al. 1999). Immunofluorescence and chromatin immuno-
precipitation have shown that Sir3p, as well as Hdf1p,
relocalizes from the telomeres to sites of double-strand
breaks created by the EcoRI or HO endonucleases (Mar-
tin et al. 1999; Mills et al. 1999).

In addition to its roles in HM silencing, telomeric si-
lencing, and NHEJ, Sir2p also functions at the ribosomal
DNA (rDNA) locus. In yeast, the rDNA consists of a 9.1
kb unit that is tandemly repeated 100–200 times on
chromosome XII (Petes and Botstein 1977; Philippsen et
al. 1978; Rustshenko and Sherman 1994). Each unit con-
tains genes encoding the 35S rRNA and the 5S rRNA,
separated by a nontranscribed spacer (NTS). Transcrip-
tion of these genes and ribosome assembly takes place in
a subnuclear compartment called the nucleolus (Scheer
and Benavente 1990, Melese and Xue 1995; Shaw and
Jordan 1995). SIR2 was initially shown to play a role in
the suppression of mitotic recombination in the rDNA
(Gottlieb and Esposito 1989). More recently, SIR2 was
shown to be required for transcriptional silencing of re-
porter genes integrated at the rDNA (Bryk et al. 1997;
Smith and Boeke 1997). The majority of cellular Sir2p, as
assayed by immunofluoresence, is found in the nucleo-
lus (Gotta et al. 1997), and the accessibility of rDNA
chromatin is responsive to Sir2p dosage (Fritze et al.
1997).

Recently, it was demonstrated that a cause of aging in
yeast is the accumulation of circular species of rDNA
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(Sinclair and Guarente 1997). These extrachromosomal
rDNA circles (ERCs) are able to replicate via an ARS
sequence contained within the rDNA repeat, and are
preferentially segregated to mother cells during division.
Deletion of RAD52, a gene required for homologous re-
combination, results in the absence of ERCs, thereby
implicating a recombinational repair process in their for-
mation (Park et al. 1999).

Replication within the rDNA repeats is blocked in one
direction at a site in the NTS termed the replication fork
barrier or RFB (Brewer and Fangman 1988). Thus, rDNA
replication is unidirectional, with the replication fork
progressing in the same direction as transcription of the
35S rRNA (Brewer et al. 1992; Kobayashi et al. 1992).
The replication block at the RFB requires the FOB1 gene
(Kobayashi and Horiuchi 1996), and Fob1p has been
shown to localize to the nucleolus (Defossez et al. 1999).
Strains with fob1 mutations have a reduced rate of
rDNA recombination (Kobayashi et al. 1998) and ERC
formation, and have an extended life span compared
with wild-type cells. (Defossez et al. 1999). The FOB1-
dependent replication block may cause a DNA double-
strand break within the rDNA. This break can be re-
paired by homologous recombination, which results in
the formation of an ERC (Gangloff et al. 1996; Defossez
et al. 1999; Johnson et al. 1999).

Interestingly, Sir3p and Sir4p both relocalize from
telomeres to the nucleolus in aging yeast cells (Kennedy
et al. 1997). In addition, the sir4-42 allele results in both
a 30% increase in life span (Kennedy et al. 1995) and a
constitutive redistribution of Sir3p and Sir4p to the
nucleolus in young cells (Kennedy et al. 1997). These
observations led to a model proposing that Sir3p and
Sir4p move to the nucleolus to delay an event that leads
to the accumulation of ERCs and ultimately, cell death.
Taken together with the role of the SIR genes in DNA
damage repair, the question that emerges is: Do the Sir
proteins move to the nucleolus via an active mechanism
to forestall or repair DNA damage and thereby slow the
aging process?

In this paper, we investigate the roles of SIR2, SIR3,
and SIR4 in yeast aging. Our results indicate that the
sir3D and sir4D mutations cause a moderate shortening
of haploid life span, which is due to derepression of the
silent mating type loci and the simultaneous expression
of both a and a mating-type information. In contrast, the
sir2D mutation has a much more severe effect on life
span, which is largely due to an inability to suppress the
generation of ERCs. Genetic analysis suggests that the
primary role of Sir2p is to prevent homologous recombi-
nation at the blocked replication fork in the rDNA.
Over-expression of SIR2 increases life span beyond that
of wild type, showing that Sir2p is a limiting component
of the aging process in yeast.

Results

The SIR2/3/4 complex regulates life span

To examine roles of the Sir proteins in yeast aging, null
alleles of either sir2, sir3, or sir4 were introduced into a

W303 MATa RAD5 strain (W303R). Disruption of either
sir3 or sir4 resulted in a 20% decrease in mean life span
(Fig. 1A). In contrast, the sir2 mutant strain demon-
strated a more severe reduction in mean life span of
∼50% (Fig. 1A). To ascertain whether the short life span
of a sir mutant could be the result of a defect in NHEJ,
hdf1 and hdf2 were disrupted in W303R, and the life
spans of the mutants were determined. Both hdf mutants
had life spans that were significantly shorter than wild
type (Fig. 1B). Thus, these observations initially raised
the possibility that the short life span of sir mutants was
due to a defect in NHEJ.

Because hdf1 and hdf2 mutants are also defective for
telomere maintenance and are temperature sensitive
(Feldmann et al. 1996; Boulton and Jackson 1996a,b; Bar-
nes and Rio 1997; Gravel et al. 1998), we wished to mea-
sure the life span of a mutant specifically defective for
NHEJ, without the pleiotropic effects associated with
hdf mutations. The yeast ligase IV gene, DNL4, is re-
quired for NHEJ (Schar et al. 1997; Teo and Jackson 1997;
Wilson et al. 1997), but is not required for growth at 37°C
in the W303R strain background (not shown). The life
span of the dnl4 mutant was indistinguishable from wild
type (Fig. 1C), demonstrating that NHEJ does not affect
aging, and suggesting that the short life span of a sir
mutant is not caused by a defect in NHEJ.

The short life span of sir3 and sir4 mutant haploid
strains is due to the simultaneous expression of a
and a mating-type genes

In addition to their role in NHEJ, the SIR genes are also
required for transcriptional repression. Mutation in any
of the sir genes results in a loss of silencing at the HM
loci, coexpression of a and a mating-type genes, and a
corresponding sterility phenotype in haploid S. cerevi-
siae. This raised the possibility that the short life span of
sir mutants was due to the inappropriate expression of
loci that are normally silenced in a SIR+ strain (e.g., see
Astrom et al. 1999). Therefore, we wished to test
whether the simultaneous expression of a and a mating-
type genes affected life span.

HMLa was deleted from each of the sir mutant strains
above. As expected, deletion of HMLa resulted in a res-
toration of the a mating phenotype, as demonstrated by
the ability of the sir hml strains to mate with a MATa
strain (not shown). Strikingly, haploid sir4 hml and sir3
hml strains showed a significant extension of mean life
span relative to the sir4 and sir3 strains (Fig. 2A,B), and
were indistinguishable from W303R. In contrast, the sir2
hml strain had a life span that was indistinguishable
from the sir2 strain (Fig. 2C). Deleting HML from the
wild-type parent did not alter the life span (not shown).
Similarly, the sir4 gene was disrupted in an isogenic
strain of mating type a. The HMRa locus was then de-
leted from this strain, restoring the ability of these cells
to mate. Once again, a 20% shortening of life span was
observed in the sir4 mutant, and this life span defect was
suppressed by deletion of hmr (not shown). Thus, it ap-
pears that the life span defect caused by a sir4 or sir3
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