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redistribution of silencing function and shortened lifespan
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An organism’s lifespan is modulated by environmental condi-
tions. When nutrients are abundant, the metabolism of many
organisms shifts to growth or reproduction at the expense of
longer lifespan, whereas a scarcity of nutrients reverses this
shift1–3. These correlations suggest that organisms respond to
environmental changes by altering their metabolism to promote
either reproduction and growth or long life. The only previously
reported signaling mechanism involved in this response is the
nutrient-responsive insulin/insulin-like growth factor-1 receptor
pathway1. Here we report another pathway that controls the
length of yeast lifespan. Commitment to cell growth activates the
Slt2p MAP kinase pathway, which phosphorylates the transcrip-
tional silencing protein Sir3p, resulting in a shorter lifespan. Elimi-
nation of the Sir3p phosphorylation site at Ser275 extended

lifespan by 38%. Lifespan extension occurs by a mechanism that
is independent of suppressing rDNA recombination. Thus, Slt2p is
an enzymatic regulator of silencing function that couples commit-
ment to cell growth and shorter lifespan.
Silencing in yeast is a chromatin-based phenomenon mediated by
four Sir proteins that silence transcription at the silent-mating-type
cassettes (HMRa and HMLα), the telomeres and the array of ribo-
somal RNA genes (the rDNA; refs. 4,5). Each locus has a unique set
of DNA-binding proteins that recruit some or all of the Sir proteins.
The size of the Sir protein pool limits the extent of silencing: telom-
ere silencing is limited by the amount of available Sir3p6 whereas
rDNA silencing is limited by the availability of Sir2p7. Telomeres are
thought to be a reservoir for silencing proteins that can be redistrib-
uted to the silent-mating-type cassettes8 and rDNA7.
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Fig. 1 Slt2p kinase activity controls the
distribution of silencing function. a,
The three different reporter genes in
the triple silencer strain10. Expression
of TRP1 in the hmr∆E locus can be
monitored by growth on medium
lacking tryptophan, where more
growth equals less silencing. Expres-
sion of CAN1 in the rDNA locus is
monitored using negative selection
against CAN1 expression, so that
more growth equals more silencing.
Expression of URA3 placed adjacent
to the right telomere of chromosome
V (indicated by the black dot) is moni-
tored by negative selection, so that
more growth equals more silencing.
Bent arrows show the direction of
transcription of each reporter gene.
b, A schematic of the Slt2p MAP
kinase pathway. c, The level of Slt2p
pathway signaling controls the distri-
bution of silencing function. Ten-fold
serial dilutions of single yeast colonies
bearing the indicated mutations were
spotted onto different media to mon-
itor silencing. Representative colonies
from three or more assays are shown.
Complete medium (com) shows the
total number of cells spotted and the
other media (FOA, 5-fluoro-orotic
acid medium; can, canavanine
medium) show the extent of silenc-
ing. Arrows to the right indicate the
relative level of silencing at each locus compared to wild-type cells, with up arrows showing more silencing and down arrows showing less silencing. Because the
CAN1 reporter in the rDNA locus represents a single gene in an array of 100–200 genes, small changes in growth are considered to represent a larger change in
silencing compared with the hmr and telomere reporters, which comprise the entire locus. The opposite responses seen for hmr and telomere silencing may be
due to their having different DNA-binding proteins that recruit the Sir proteins. The bck1∆ and slt2∆ deletions and the kinase-defective slt2K54R mutation block
signaling through the Slt2p MAPK pathway, whereas the sac7∆ mutation enhances signaling.
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Sir3p is phosphorylated, and this modification correlates with
greater telomere silencing9. We designed a yeast strain in which
we could examine the distribution of silencing by simultaneously
monitoring silencing at a silent-mating-type cassette, the telom-
eres and the rDNA array (Fig. 1a). We used this strain to show
that single deletions of one of two paralogs, ZDS1 or ZDS2,

caused opposite changes in phosphorylation of Sir3p, lifespan
and silencing10. The ZDS1 deletion (zds1∆) caused less Sir3p
phosphorylation and longer lifespan, whereas the ZDS2 deletion
caused more Sir3p phosphorylation and shorter lifespan10. These
data suggested that phosphorylation of Sir3p might shorten yeast
lifespan. We therefore used silencing as a reporter to identify the
kinase that controls the redistribution of silencing and lifespan
by screening for mutants with the zds1∆ silencing phenotype.

The only kinase identified in this screen was Slt2p, a mitogen-
activated protein kinase (MAPK) in the protein kinase C signal-
ing pathway (Fig. 1b). The properties of Slt2p can explain the
previous observations regarding Sir3p phosphorylation. First,
heat shock has been shown to increase both Sir3p phosphoryla-
tion9 and Slt2p kinase activity11. Second, induction of the Fus3p
or Kss1p MAPK cascades increases Sir3p phosphorylation9 and
induces polarized cell growth that activates Slt2p11. Because
commitment to a new cell cycle induces new polarized growth
and also activates Slt2p12, the Slt2p kinase could link commit-
ment to growth with shortened lifespan if phosphorylation of
Sir3p was controlled by Slt2p.

Blocking signaling at different steps in the Slt2p pathway (Fig.
1b) should give the same silencing phenotype if this MAPK cas-
cade controls silencing. We found that eliminating different
pathway components with the slt2∆ and bck1∆ deletions or sub-
stituting Slt2p with the kinase-defective Slt2p-K54R all gave the
same silencing phenotype (Fig. 1c). In contrast, constitutively
activating the Slt2p MAPK pathway by eliminating Sac7p (ref.
13; Fig. 1b) had the opposite effect on silencing (Fig. 1c). Slt2p
was the only MAPK whose elimination changed the relative lev-
els of silencing at all three loci (see Supplementary Fig. 1 online).
These data suggested that Slt2p is the kinase that phosphorylates
Sir3p to control silencing and shorten lifespan.
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Fig. 2 Slt2p phosphorylates Sir3p. a, Western-blot analysis using antibodies
against Sir3p (α-Sir3p) on extracts from cells with the indicated genotypes are
shown (wt, wild-type). The arrow indicates the slower migrating Sir3p band that
represents phosphorylated protein9. The lower band in the sir3∆ extract is a cross-
reacting band unrelated to Sir3p. The sir3-4A lane shows extracts from cells that
produce the mutant Sir3p protein Sir3p-4A. b, Western-blot analysis of Sir3p
immunoprecipitations (IP). Extracts from slt2∆ cells bearing either vector or an
SLT2:HA fusion construct14 were immunoprecipitated with antibody against Sir3p
(α-Sir3p) and then analyzed by probing a western blot with antibodies against
the hemagglutinin epitope tag (HA) on Slt2:HAp. The slt2∆ sir3∆ SLT2 lane shows
that precipitation of Slt2p requires the presence of Sir3p. IgG denotes the band
from the immunoprecipitating antibody. c, Slt2p immunoprecipitates can phos-
phorylate Sir3p in vitro. Cells bearing an slt2∆ allele and a plasmid expressing
either SLT2:HA or slt2K54R:HA were heat-shocked at 39 °C for 10 min to activate
the Slt2p kinase14, extracts were made and the hemagglutinin-tagged Slt2p pro-
teins were immunoprecipitated with antibodies against hemagglutinin (α-HA) on
Protein A Sepharose. The presence of Slt2:HAp and Slt2-K54R:HAp in the extracts
was confirmed by western blotting (top row). Purified GST–Sir3p, bearing amino
acids 1–439 of Sir3p, was added to the immunoprecipitates in a kinase reaction in
the presence of γ-[32P]-ATP. The Coomassie-stained gel shows the amounts of
GST–Sir3p added to each assay, and the PhosphorImager scan of the same gel
shows the relative levels of [32P] incorporation.
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Fig. 3 Loss of Sir3p phosphorylation extends yeast replicative lifespan. Groups
of 40–42 cells were assayed for lifespan, and the fraction of cells alive at each
generation was plotted as percent survival against the number of generations
that cells had grown. a, The sir3-4A mutation extends lifespan. The median
(and maximum) lifespans for wild-type (wt; the W303 strain) were 21 (33), for
sir3-4A were 26 (41), for slt2∆ were 21 (30) and for slt2∆ sir3-4A were 19 (30).
The 24% extension in lifespan in sir3-4A cells relative to the wild-type strains
was significant (P < 0.0001 by log-rank test), whereas the slt2∆ and slt2∆ sir3-
4A results were not significantly different from the wild-type results (P > 0.70
and P > 0.15, respectively). b, Sir3p residues Ser275 and Ser282 control lifespan.
All strains shown in b and c bear the sir3∆:kanMX deletion and HIS3-sir3*-his3
single-copy insertion, where sir3* is one of the wild-type or mutated alleles
shown. The SIR3 wild-type strain in b and c is therefore different from the wild-
type strain in a. c, Lifespan lengths and P values for the different sir3 phospho-
rylation mutants analyzed in b and in Supplementary Figure 2 online. P values
are from log-rank tests for comparison with wild-type lifespan.
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Slt2p was shown to be an in vivo Sir3p
kinase by several criteria. First, cells lacking
Slt2p (slt2∆) had much lower levels of the
slower migrating Sir3p phosphorylated band
(Fig. 2a). Second, Slt2p interacted with Sir3p
in vivo (Fig. 2b). This analysis showed that
only a fraction of Slt2p associated with Sir3p,
consistent with the fact that Slt2p also binds
and phosphorylates the SBF and Rlm1p tran-
scription factors14,15. Third, Slt2p phospho-
rylated the N-terminal region of Sir3p
whereas the kinase-defective Slt2p-K54R did
not (Fig. 2c).

These data and analysis with the NetPhos
program identified Ser275, Ser282, Ser289
and Ser295 as the most likely sites of Sir3p
phosphorylation. We converted all four ser-
ine residues to alanine and expressed this
mutated Sir3p (called Sir3p-4A) in wild-type
cells as the only functional Sir3 protein.
Sir3p-4A migrated as the lower molecular
weight form of Sir3p (Fig. 2a). Therefore,
some or all of the four serines must have been
required for production of the phosphory-
lated Sir3p band. Slt2p has also recently been
identified by others as a kinase that phospho-
rylates Sir3p in this cluster of serines16.

We used the sir3-4A allele in lifespan
assays to test our hypothesis that phosphorylation of Sir3p
shortens lifespan. Yeast cells undergo asymmetric divisions to
produce a larger mother cell and smaller daughter cell, and yeast
aging is most frequently measured as a replicative lifespan, that
is, the number of times a mother cell can divide before it
dies17,18. The sir3-4A cells had a median cell lifespan that was

24% longer than that of wild-type cells (Fig. 3a). This lifespan
extension is of the same magnitude as that seen in yeast and
rodents as a result of caloric restriction3,19,20 and in worms as a
result of overexpression of sir-2.1 protein, an ortholog of yeast
Sir2p21. Thus, elimination of Sir3p phosphorylation signifi-
cantly extended yeast lifespan.

Fig. 5 The lifespan-extending sir3-4A
and sir3-S275A mutations do not alter
the frequency of rDNA recombination.
a, The system for measuring rDNA
recombination frequencies. Recombi-
nation within the rDNA repeats can
excise the ADE2–CAN1 construct as an
episome, which is rapidly lost from
progeny cells to produce Ade2– cana-
vanine-resistant (CanR) cells. The frac-
tion of Ade2– cells in a colony is a
function of both the rate of rDNA
recombination and the point during
colony growth at which the recombi-
nation event occurs. Events that occur
early in the growth of a colony pro-
duce a large fraction of Ade2– cells,
whereas events that occur later pro-
duce a smaller fraction of Ade2– cells.
By analyzing several colonies, one can
obtain a median frequency that is
directly related to the rate of rDNA
recombination, using the standard
procedures of fluctuation analysis10,29.
b, rDNA recombination frequencies
(frequency of Ade2– cells per 104 cells)
in different strains. Each dot represents a value determined for a single colony, and the bars show the median recombination frequency for all five colonies tested.
The wild-type (the W303 strain), slt2∆, sir3-4A and sir3-S275A strains are the same strains analyzed in Figures 1 and 3.

Fig. 4 Silencing phenotypes of sir3 phosphorylation
mutants. The same strains analyzed in Figure 3c were
analyzed for silencing. The media used to test silencing
are the same as in Figure 1. In this figure, each arrow
indicates a change in silencing of roughly 5-fold rela-
tive to wild-type.
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To determine the role of Ser275, Ser282, Ser289 and Ser295 in
lifespan control, we analyzed two classes of mutations. In the first
class, we individually changed each of the four serine codons in
the wild-type SIR3 gene to alanine. If phosphorylation of a par-
ticular serine shortens lifespan, then cells expressing a sir3 allele
that blocks phosphorylation at that serine residue should have a
longer lifespan. Changing Ser275 to alanine (the sir3-S275A
allele) extended lifespan by 38%, and changing Ser282 to alanine
caused a change of borderline significance (Fig. 3b,c).

In the second class of mutations, we individually reverted each
mutated alanine codon in the sir3-4A allele back to serine. If
phosphorylation of one residue alone (without phosphorylation
of the others) controls lifespan, then cells expressing this muta-
tion should have a shorter lifespan. Reverting Ala282 to serine
(the sir3-3A282S allele) shortened lifespan to the length seen in
the wild type length, and changing Ala289 to serine caused a
change of borderline significance (Fig. 3b,c). Analysis of both
classes of mutations, therefore, indicates that phosphorylation of
Sir3p at Ser275 and Ser282 shortens yeast lifespan.

Cells lacking Slt2p (slt2∆ cells) did not have the extended lifes-
pan of sir3-4A and sir3-S275A cells (Fig. 3a). The slt2∆ mutation
perturbs both cell-cycle progression and the cytoskeleton by
interfering with the activation of the transcription factors SBF
and Rlm1p11. To test whether these global changes were abrogat-
ing the lifespan extension caused by eliminating Sir3p phospho-
rylation, we determined the lifespan of the slt2∆ sir3-4A double
mutant. The slt2∆ sir3-4A cells had nearly the same lifespan as
wild-type and slt2∆ cells. Thus, the slt2∆ mutation blocked the
lifespan extension associated with the sir3-4A mutation.

The silencing phenotype of slt2∆ also differed from the pheno-
types of the sir3 phosphorylation mutants (Figs. 1c and 4). Thus,
Slt2p may have targets other than Sir3p that affect silencing (for
example, Slt2p phosphorylates SBF, which controls the rate of
cell-cycle progression, and slower cell-cycle progression alters
silencing22). The nine different sir3 mutants showed complex
effects on silencing that did not correlate with lifespan. For
example, sir3-S275A and sir3-3A275S had extended lifespans but
different silencing phenotypes (Figs. 3c and 4). These data sug-
gest that combinations of phosphoserine residues may affect
aging and silencing differently. If so, the cell could potentially
regulate silencing and lifespan independently to respond to dif-
ferent environmental conditions.

One known cause of yeast aging is the production of
autonomously replicating plasmids by rDNA recombination17,
a process suppressed by Sir2p23. Sir2p also forms a complex
with Sir3p and other proteins at telomeres and silent-mating-
type cassettes. Sir3p-4A and Sir3p-S275A might release Sir2p
from some chromosomal sites, thereby freeing Sir2p to repress

rDNA recombination and extend lifespan. We therefore deter-
mined the rDNA recombination frequencies in wild-type,
slt2∆, sir3-4A and sir3-S275A cells. We found that the median
recombination frequencies in wild-type, sir3-4A and sir3-275A
cells were similar (Fig. 5). These data were in marked contrast
with the order-of-magnitude differences seen in long-lived
yeast strains in which rDNA recombination is suppressed10,24.
Thus, the sir3-4A and sir3-S275A mutations must extend life-
span by a mechanism independent of the formation of rDNA
circles. One way these sir3 mutants might lengthen lifespan is
by silencing rDNA circles so that they do not titrate transcrip-
tion factors away from essential genes.

The slt2∆ cells had higher levels of rDNA recombination than
did wild-type cells (Fig. 5b), which could explain why slt2∆ cells
did not have an extended lifespan (Fig. 3b): the lifespan of slt2∆
cells is the net result of lifespan shortening due to more rDNA
recombination and lifespan lengthening due to lack of Sir3p
phosphorylation. This explanation is consistent with the wild-
type lifespan of the sir3-4A slt2∆ double mutant; because elimina-
tion of the Slt2p MAPK already prevents Sir3p phosphorylation,
further blocking of Sir3p phosphorylation with the sir3-4A muta-
tion cannot further extend lifespan.

The results of this work identify the Slt2p MAPK cascade as the
pathway that phosphorylates Sir3p to control cell lifespan and
the distribution of silencing at different loci. Because Slt2p is
activated on commitment to cell growth11,12, our results suggest
that rapid cell growth continuously induces the Slt2p MAPK
pathway, which phosphorylates Sir3p to shorten lifespan (Fig. 6).

Methods
Yeast and recombinant DNA methods. The triple silencer and sir3∆ com-
plete ORF deletion yeast strains have been described10. We used MATα
strains. For ORF deletions we used the PCR method and the kanMX G418
resistance marker in pRS400, noting that the orientation of the kanMX
marker is opposite to that reported in the GenBank database. For all lifes-
pan and silencing experiments, we used cells with each sir3 allele cloned
into pRS303 (ref. 25) and integrated into the HIS3 locus in single copy in
the sir3∆:kanMX strain. We constructed the sir3-4A allele by overlap PCR
to convert the four serine codons (TCN) to the corresponding four alanine
codons (GCN) in the internal PstI–HindIII fragment, cloning this frag-
ment in place of the same wild-type SIR3 fragment and sequencing the
PCR-generated DNA. We then cloned the sir3-4A allele into pRS303. We
similarly constructed the individual sir3-S#A mutations using the SIR3
gene as a template to generate the internal EagI–BspDI fragment of SIR3.
We constructed the individual sir3-3A#S mutations in the same way, using
the sir3-4A allele as template. We confirmed all PCR-generated DNA frag-
ments by DNA sequencing both before and after substitution for the same
fragment of the SIR3-pRS303 vector, and we also sequenced the entire sir3-
3A289S ORF. Oligonucleotide sequences and plasmid maps of these con-
structions are available on request. We inserted fragments into the yeast

Fig. 6 A model of the mechanism by which commit-
ment to cell growth causes a metabolic change that
results in shorter lifespan. When nutrients are avail-
able, the yeast cell commits to another cell cycle, which
causes changes in the cell wall that result in the activa-
tion of the Slt2p MAPK cascade. Activated Slt2p then
phosphorylates SBF to induce the transcription of
genes required for cell-cycle progression11 and phos-
phorylates Rlm1p to induce the transcription of genes
required for remodeling the cell wall15. Slt2p also
phosphorylates Sir3p, which results in shorter lifespan
and redistribution of silencing function. Under condi-
tions of rapid growth, mother cells continuously bud
and remodel their cell walls, and so Slt2p is continu-
ously activated. In a state of growth quiescence, Slt2p
is not activated and unphosphorylated Sir3p accumu-
lates owing to either new synthesis or dephosphoryla-
tion, which leads to extended lifespan.
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genome and screened for single-copy integrants by Southern blotting fol-
lowing standard procedures. We carried out spot tests for silencing assays
by growing cells overnight on yeast extract peptone dextrose (YEPD) plates
at 30 °C, streaking cells for single colonies on synthetic complete medium,
growing them for 40–42 h at 30 °C, picking three independent colonies
from each strain and spotting 5 µl of 10-fold serial dilutions of each colony
onto different media. We constructed the glutathione S-tranferase/Sir3p
fusion protein (GST–Sir3p) by cloning a PCR fragment encoding the first
439 amino acids of Sir3p (from the ATG to the first EcoRI site in the SIR3
ORF, bp 1,930) into pGEX-6P-1 (Amersham Pharmacia). We purified the
fusion protein according to the instructions from the manufacturer. We
also used this fusion to affinity-purify antibodies against Sir3p raised in
rabbits (N.R., K.W.R., E. Stone and L. Pillus, unpublished data) for use in
immunoprecipitations and western blotting.

Identification of potential Sir3p phosphorylation sites. We used the NetPhos
program26 (v. 2.0) and the knowledge that Slt2p is a MAPK that uses Ser-Pro
and Thr-Pro sites as substrates to search for potential phosphorylation sites in
Sir3p. We identified only four sites with high scores: Ser275, Ser282, Ser289
and Ser295 had respective scores of 0.995, 0.426, 0.941 and 0.997.

Immunoprecipitations and kinase assays. We carried out immunoprecipi-
tations and western blotting following previously published protocols12. For
kinase assays, we used immunoprecipitated proteins isolated from cells that
had been heat shocked at 39 °C and followed previously described reaction
conditions12 using 0.6 µg of affinity-purified GST–Sir3p.

Mutant isolation. We subjected the triple silencer strain CCFY100 (ref. 10)
to Tn3 transposon mutagenesis27 and screened over 35,000 transposon
insertions for greater hmr silencing (poor growth on medium lacking tryp-
tophan), lower telomere silencing (poor growth on 5-fluoro-orotic acid
medium) and greater rDNA silencing (better growth on canavanine medi-
um). We confirmed the growth phenotypes of positive mutants by spot
tests. We identified the mutated genes by inverse PCR using primers in the
Tn3 transposon by the Gottschling lab method (see URLs). A more com-
plete description of the mutant isolation will be published elsewhere.

Lifespan analyses. We determined lifespan as previously described10,28,
except we did the analyses in Figure 3a using YEPD plates containing 1 M sor-
bitol to mitigate the lysis defect of slt2∆ cells and did the analyses in Figure 3b
using YEPD plates. We analyzed survival curves with GraphPad Prism
(v. 3.0). For the assays in each panel of Figure 3, we determined the lifespans
of the mutants and wild type in the same experiment at the same time.

Determination of rDNA recombination frequency. We used an assay based
on determining the fraction of ade2– cells per colony, identifying the ade2–

cells by their ability to form red colonies on YEPD plates. We streaked yeast
cells on YEPD plates at room temperature and incubated them at 30 °C for
19–22 h. We picked a single test colony with a sterile Pasteur pipet and resus-
pended it in 1 ml sterile water. We spun down these cells, resuspended them in
0.1 ml sterile water and determined the number of cells per colony by hemo-
cytometer counting. We immediately picked five new single colonies, resus-
pended them separately in 1 ml sterile water and made a ten-fold dilution for
each suspension. We plated volumes equivalent to 200 cells (based on the test
colony) on eight YEPD plates. We spread an additional eight plates with one-
fifth the number of cells to allow for variations in the number of cells per
colony. We incubated plates for 3 d at 30 °C and 4 d at room temperature to
allow colony color to develop. We counted the set of eight plates bearing
100–300 colonies per plate, which allows the clear visualization of completely
red colonies, to determine the fraction of red Ade2– colonies. After all of the
plates were counted, we picked 50 red and 50 white colonies from each strain
(10 colonies from each of the 5 colonies tested) and checked them for the
appropriate genotypes. All red colonies were Ade– and strongly resistant to
canavanine; all white colonies were Ade+ and weakly resistant to canavanine;
and all other auxotrophic markers behaved as expected.

URLs. NetPhos is available at http://www.cbs.dtu.dk/services/NetPhos/,
and information from the Gottschling laboratory is available at http://
www.fhcrc.org/labs/gottschling/misc/ipcr.html.

GenBank accession numbers. kanMX, U93713; SIR3, X01420.

Note: Supplementary information is available on the Nature
Genetics website.
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