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Abstract

Cells undergoing developmental processes are characterized by persistent non-genetic alterations 

in chromatin, termed epigenetic changes, represented by distinct patterns of DNA methylation and 

histone post-translational modifications. Sirtuins, a group of conserved NAD+-dependent 

deacetylases or ADP-ribosylases, promote longevity in diverse organisms; however, their 

molecular mechanisms in aging regulation remain poorly understood. Yeast Sir2, the founding 

member of the family, establishes and maintains chromatin silencing by removing H4 lysine 16 

acetylation and bringing in other silencing proteins. Here we show an age-associated decrease in 

Sir2 protein abundance accompanied by an increase in H4 lysine 16 acetylation and loss of 

histones at specific subtelomeric regions in replicatively old yeast cells, which results in 

compromised transcriptional silencing at these loci. Antagonizing activities of Sir2 and Sas2, a 

histone acetyltransferase, regulate the replicative lifespan through histone H4 lysine 16 at 

subtelomeric regions. This pathway, distinct from existing aging models for yeast, may represent 

an evolutionarily conserved function of Sirtuins in regulation of replicative aging by maintenance 

of intact telomeric chromatin.
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Cells undergo characteristic molecular alterations as organisms age1,2. Studies in model 

organisms identify conserved genetic pathways that modulate aging, such as insulin 

signaling, oxidative stress tolerance, and nutrient sensing3,4. Aging and other 

developmental processes, such as differentiation, apoptosis and gametogenesis, associate 

with characteristic epigenetic changes at the cellular level, including DNA methylation and 

histone post-translational modifications5-7. Nevertheless, the functions of these molecular 

changes during aging remain elusive. Although Sirtuins promote longevity in yeast, worms 

and flies8, conserved pathways for sirtuins in aging regulation remain controversial. Yeast S. 

cerevisiae Sir2 (Silencing Information Regulator 2), the founding member of the family, 

establishes and maintains silencing within yeast heterochromatic-like regions at telomeres, 

rDNA, and silenced mating type loci (HM) by removing H4 lysine 16 acetylation 

(H4K16ac) and bringing in other silencing proteins9. Antagonizing activities of Sir2 and a 

histone acetyltransferase, Sas2, generate a gradient of H4K16ac marking the boundary of 

silencing chromatin near telomeres10,11.

One cause of yeast aging is nucleolar accumulation of extrachromosomal rDNA circles 

(ERCs), generated from recombination between rDNA repeats as cells divide12. Deletion of 

SIR2, results in hyper-recombination within the rDNA and elevated levels of ERCs13; 

whereas FOB1 deletion reduces rDNA recombination and ERC formation, and extends 

lifespan14,15. Overexpression of Sir2 also increases lifespan, but does not further increase 

the lifespan when combined with deletion of FOB1, which has been interpreted to suggest 

that Sir2-overexpression promotes longevity, in part, by repressing ERCs13. Interestingly, 

Sir2 overexpression also increases lifespan in worms and flies8; however, ERCs have not 

been detected in these organisms or in mammalian cells in association with aging, and thus 

is an unlikely mechanism to underlie aging in diverse organisms16,17.

A central question is whether histone acetylation levels are altered during aging and whether 

such changes contribute directly to aging. Although histones are nearly the only acetylated 

proteins reported in yeast18, there are numerous acetylated proteins in metazoans19; in 

addition, deacetylases, including the Sirtuin class, target both histones and non-histone 

proteins20. In mammalian cells, Sirt1, 2, 3, and 6 deacetylate histones21-23, but have non-

histone substrates, and some of these are promising candidates in aging pathways. For 

example, p53 promotes apoptosis and Sirt1 deacetylates p53 and extends cell survival23. 

Hence, despite extensive knowledge about the Sirtuin class of deacetylases, it remains to be 

established whether deacetylation of H4K16 plays an important role in the Sir2 aging 

pathway.

In this study we investigated age-associated changes in histone modifications and chromatin. 

In particular, because ERC accumulation in the nucleolus is not conserved through 

evolution, we explored chromatin-related changes at Sir2-regulated loci outside of the 

nucleoli. Our results establish chromatin as a critical target for Sir2 in regulation of lifespan 

and indicate that Sir2 opposes replicative aging in yeast through histone targets located near 

telomeres.
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Histone modifications change in old cells

We examined histone post-translational modifications in young and old cells, via isolation of 

biotin-labeled mother cells24. Progressive aging was evident with increasing bud scars and 

rDNA copy numbers12 (Supplementary Fig. 1ab). Histone modifications associated with 

gene transcription, DNA repair, and chromosome condensation were tested by western 

blotting. Notably, the level of H4K16ac increased with age (Fig 1a left), whereas H3K56ac 

decreased (Fig. 1a middle). No significant changes were found for other modifications and 

histone variants tested (Fig. 1a and Supplementary Fig. 2). Sir2 deacetylates H4K16 and 

H3K569,25, and is linked to aging26; the level of Sir2 protein in age-sorted cells declined 

opposite the increase in H4K16ac (Fig. 1a right). SIR2 RNA levels remained unchanged in 

old cells (Supplementary Fig. 1c), as found previously27, indicating that age-dependent 

changes in Sir2 occur post-transcriptionally.

Chromatin changes localize to silenced regions

To investigate the genomic location of increasing H4K16ac and decreasing Sir2 in old cells, 

we performed chromatin immunoprecipitation (ChIP) focusing on Sir2-regulated regions, 

including rDNA, telomeres, and HM loci (Fig. 1b). These regions, similar to 

heterochromatin in higher eukaryotes, have low levels of histone acetylation and minimal 

gene activity28. Compared to young cells, we observed significantly higher levels of 

H4K16ac in old cells at X core (XC) and X repeat (XR) elements within telomeres TEL5R 

and TEL7L, but not at other Sir2-regulated sites or control sites (Fig. 1c upper). 

Interestingly, these hyperacetylated K16 sites co-localized with profoundly reduced histone 

levels in old cells, while histone levels were decreased to the same, moderate extent at all 

other sites tested (Fig. 1c middle). Consistent with the western analysis, Sir2 levels 

decreased at all Sir2-regulated sites in old cells (Fig. 1c lower). We examined six additional 

telomeres and found that across nine total telomeres, the greatest age-associated increase in 

H4K16ac was within the X elements, correlating with the strongest decrease in histone 

levels (Supplementary Table. 1). Since Sir2 was equally lost from all its binding sites, these 

results suggest that the chromatin landscape was mostly affected at X elements of telomeres 

as a result of loss of Sir2 in old cells.

To determine whether the observed age-associated chromatin changes lead to altered gene 

expression, we assayed the silencing state of a URA3 reporter inserted at various positions 

near telomere TEL11L29 (Fig. 2a). Silencing of URA3 was measured in young and old cells, 

by quantifying survival on media containing 5-fluoroorotic acid (5-FOA), which is 

converted into the toxic 5-fluorouracil by Ura3. Silencing at the XC element, but not 

elsewhere near the telomere, was significantly reduced in old cells (Fig. 2b), and sensitivity 

to 5-FOA was not seen in similarly aged ura3Δ cells (Supplementary Fig. 4). These data 

demonstrate that the increase in H4K16ac, decrease in histone abundance, and reduced Sir2 

in aging cells are associated with transcriptional derepression at specific loci near telomeres.

Since aging leads to decreased Sir2, we predicted that, in young cells, loss or inhibition of 

Sir2 might increase H4K16ac and reduce histones at telomeric X elements. As seen 

previously30, H4K16ac increased at Sir2-regulated sites in sir2Δ cells (Supplementary Fig. 
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5a); as seen in old wild-type cells, young sir2Δ cells showed decreased histones at X 

elements in telomeres, but not at rDNA, HML or other control sites (Supplementary Fig. 5b). 

Similar results were observed for cells treated with nicotinamide (Supplementary Fig. 5cde), 

a noncompetitive inhibitor of Sir231.

Sas2 has opposing effects on H4K16ac and lifespan compared to Sir2

Sas2 is the major H4K16 acetyltransferase to establish boundaries between telomeres and 

euchromatin10,11; hence, we hypothesized that deletion of SAS2 might extend lifespan. 

Indeed, the mean lifespan of sas2Δ was greater than wild-type (Fig. 3a). Over-expression of 

SIR2 (SIR2-OE) by integrating a second copy also extends lifespan13. If this extension is 

due to enhanced deacetylation of H4K16, then SIR2-OE should not further extend the 

lifespan of sas2Δ cells. Consistent with this prediction, we found that sas2Δ SIR2-OE cells 

were not longer-lived than either SIR2-OE or sas2Δ cells (Fig. 3b).

Upon loss of Sir2, Sas2 spreads outward to telomeres to acetylate H4K16, resulting in 

disruption of telomere silencing10. Since deletion of SAS2 increases lifespan and decreases 

H4K16ac at subtelomeric regions32, we speculated that Sas2 modulates chromatin changes 

in old cells. Indeed, relative to wild-type, sas2Δ cells did not show the profound age-

associated increase in H4K16ac, decrease in histones, or loss of Sir2 (Fig. 3cde). Western 

analysis confirmed that deletion of SAS2 reduced overall abundance of H4K16ac and 

stabilized histones and Sir2 in aged cells (Fig. 3f). Taken together, these data suggest that 

Sir2 and Sas2 antagonistically modulate lifespan in part through regulating H4K16ac and 

histone levels at telomeres, and further suggest that Sas2 promotes degradation of Sir2 in old 

cells through unknown mechanisms.

H4K16 and H3K56 mutations result in shortening of lifespan

Our observations implicate H4K16ac as a key substrate of Sir2 in opposing replicative 

aging. To investigate the role of H4K16 in aging more directly, we created strains bearing 

substitutions of H4K16 to arginine (K16R) or glutamine (K16Q), mimicking the 

unacetylated or acetylated state. We found that K16Q significantly reduced lifespan, while 

K16R showed only a marginal effect (Fig. 4a). Neither substitution affected growth 

(Supplementary Fig. 10), and similar results were observed in a long-lived strain 

background carrying integrated histone mutations (Figure 5a). It is notable that K16R did 

not extend lifespan. However, an arginine substitution may not perfectly mimic unacetylated 

lysine, and global K16R substitution may not have the opposite effect of global K16Q 

mutation, because H4K16ac could have additional roles in regulating euchromatic genes 

important for normal lifespan33. Sir2 abundance was unchanged in the mutant strains 

(Supplementary Fig. 6), indicating that the reduced lifespan is not due to loss of Sir2. 

Interestingly, we found lowered histone (Fig. 4b) and Sir2 (Supplementary Fig. 7) content at 

telomeres only in the H4K16Q strain, consistent with H4K16 hyper-acetylation directly 

causing histone loss at telomeres.

H3K56ac, regulated by two other Sirtuins, Hst3 and Hst434 and important for genome 

integrity and replication34-36, was found decreased in old cells (Fig. 1a). In contrast to 
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H4K16, both H3K56R and H3K56Q exhibited similarly reduced lifespans (Fig. 4c). H3K9 

substitutions had no effect on lifespan (Supplementary Fig. 8). Deletion of RTT109, the key 

acetyltransferase for H3K5637, also reduced lifespan (Fig. 4d). Finally, as shown 

previously38, hst3Δ, hst4Δ, or hst3Δ hst4Δ cells had a significantly decreased lifespan 

(Supplementary Fig. 9). H3K56R substitution or rtt109Δ causes sensitivity to DNA 

damage35,36, suggesting that acetylation of K56 is required for genome integrity. Since 

K56Q, hst3Δ, and hst3Δ hst4Δ, showed similar shortening of lifespan compared to K56R 

and rtt109Δ, we reasoned that cycling of acetylation/deacetylation of K56 might be 

important for genome integrity. Indeed, K56Q, but not H4K16 or H3K9, was equally 

sensitive to MMS or H2O2 as K56R (Supplementary Fig. 10). We conclude that acetylation 

of H4K16 and H3K56 both influence longevity, but via distinct mechanisms.

Shortening of lifespan by H4K16 mutants is epistatic with Sir2

Deletion of the WRN homolog SGS1 shortens lifespan12,13. However, in contrast to sir2Δ, 

sgs1Δ did not affect H4K16ac or histone levels (Supplementary Fig. 11). To investigate the 

genetic pathways of H4K16ac, we compared the lifespan of H4K16 substitutions in sir2Δ 

and sgs1Δ backgrounds. H4K16 mutations did not further shorten the lifespan of sir2Δ cells 

(Fig. 5a), indicating that K16 functions in the same pathway as Sir2. In contrast, the K16 

substitutions significantly shorted the life span of sgs1Δ cells (Supplementary Fig. 12), 

suggesting that K16 and Sir2 act in a different pathway than Sgs1. We also examined 

whether H4K16 is critical for lifespan extension by SIR2 overexpression, and found that 

K16Q in the SIR2-OE background restricted lifespan similar to K16Q in wild-type (compare 

Fig. 5b to a). Thus, hypoacetylated H4K16 is required for the lifespan extension by SIR2 

overexpression. Overall, these data support the model that Sir2 deacetylates K16 to 

antagonize aging.

H4K16 functions in a pathway distinct from ERC formation

Our data show age-related Sir2-linked chromatin changes at telomeres, but previous findings 

have indicated that Sir2 promotes replicative longevity by functioning at the rDNA to inhibit 

the formation of extrachromosomal rDNA circles (ERCs), which accumulate with age in 

mother cells and cause senescence13. Fob1 acts antagonistically to Sir2 by promoting rDNA 

recombination, and deletion of FOB1 reduces ERCs and extends lifespan15. We reasoned 

that, if K16Q shortens lifespan through effects exclusively at rDNA, then K16Q would not 

shorten lifespan in a fob1Δ background. However, K16Q reduced the lifespan of fob1Δ cells, 

and this reduction was greater than the effect of K16R combined with fob1Δ (Fig. 5c). This 

result is similar to the shorter lifespan of sir2Δ fob1Δ compared to fob1Δ alone13, 

suggesting that K16Q influences lifespan by a mechanism different from Fob1 and ERCs.

Sir2 forms a complex with Sir3 and Sir4 at telomeres and HM loci, and a distinct complex, 

RENT, that functions at rDNA39. We found that the lifespan extension by SIR2-OE is 

suppressed by deletion of SIR3 (Fig. 5d) and that deletion of either SIR3 or SIR4 similarly 

shortens lifespan (Fig. 5e). Taken together, these data support a model that the Sir2/3/4 

complex functions to modulate aging by maintaining telomeric chromatin, and that 

H4K16ac is a key substrate of Sir2 during replicative aging. Further, our data suggest that 
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the age-associated chromatin alterations at telomeres and other silenced loci results from 

decreased abundance of Sir2 protein during aging, which can be counteracted by 

overexpression of Sir2.

Discussion

S. cerevisiae provides a previously unexploited model for analysis of chromatin during 

aging. Our study identifies a novel role for H4K16 acetylation and telomere chromatin state 

in determining longevity, mediated by Sas2 acetylation and Sir2 deacetylation. We show an 

age-associated decrease in Sir2 protein abundance accompanied by an increase in H4K16ac 

and loss of histones at specific subtelomeric regions in replicatively old cells (Fig. 5f), 

which results in compromised transcriptional silencing at these loci. Deletion of Sas2, 

stabilizes Sir2 levels in old cells and extends lifespan. Finally, we demonstrate that 

mutations to H4K16 negatively affect lifespan, downstream of Sir2, in a pathway at least 

partially distinct from the accumulation of ERCs in old cells.

Indeed, although extensive evidence supports the idea that replicative lifespan is regulated 

by Sir2 function at rDNA, a Sir2-related aging mechanism distinct from ERCs has been 

suggested26,40. Our data indicate that Sir2 also promotes replicative lifespan through at 

least one additional pathway, apparently localized at telomeres, as depicted in Fig. 4h. In 

this pathway, Sir2 in young cells maintains low H4K16 acetylation at telomeres and 

subtelomeric regions and works with Sas2 to establish a silencing boundary10,11. In old 

cells, due to loss of Sir2 and action of Sas2, H4K16ac rises leading to loss of histones at X 

elements of telomeres. A role for Sir2 in counteracting H4K16ac specifically in a telomere-

mediated aging pathway is potentially evolutionarily conserved, since telomeric changes 

have a major role in aging and cancer and correlate with chromatin alterations41. However, 

our data do not rule out non-telomeric location(s) that could be regulated through H4K16ac 

by Sas2 and deacteylation by the SIR complex.

There are seven mammalian Sirtuins and three (Sirt1, Sirt2 and Sirt3) deacetylate H4K1623. 

It is possible that reduction of activity or level of these Sirtuins promotes cellular aging 

through increased H4K16ac. Interestingly, Sirt6 regulates lifespan through deacetylation of 

H3K9ac22,42, and Sirt6 knock-out mice show genomic instability, including telomeric 

fusions, and an aging-like phenotype43. Hence, regulation of histone acetylation appears to 

be a critical function in aging pathways throughout eukaryotes.

Methods Summary

Yeast old mother cells were isolated by 2-4 rounds of sorting; cells were labeled with biotin, 

cultured overnight, followed by affinity purification24. Mean ages of isolated cells were 

estimated by counting Calcofluor-stained bud scars. Whole cell extracts of young and old 

cells were analyzed by western blotting with specific antibodies. Specificity of key 

antibodies (H4K16ac, H3K56ac, H3K9ac, H3K4me3, and Sir2) used in this study was 

verified by western blotting with extracts from cells bearing corresponding histone point 

mutations or gene deletions. Total DNA and mRNA extractions followed by real-time PCR 

were used to quantify rDNA copy numbers and expression levels of SIR2. Formaldehyde-
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crosslinked young and old cells were used for chromatin immunoprecipitation (ChIP) with 

specific antibodies. Immunoprecipitated DNA was quantified by real-time PCR with primer 

sets targeting specific regions. Telomere silencing assays were performed with strains and 

methods described elsewhere29. Replicative lifespans of yeast strains were determined as 

described13. Statistical assessment of lifespan differences was determined by Wilcoxon 

Rank Sum Test. Yeast strains bearing histone point mutations were generated by deletion of 

both copies of histone H3 and H4 gene cassettes supplemented by a wild type or mutant 

copy of H3 and H4 either on a CEN-controlled yeast plasmid, or integrating a copy to its 

original gene location. Strains, antibodies, and real-time PCR oligos used in this study are 

listed in Supplementary Tables 2, 3, and 4, respectively.

Methods

Plasmids and Strains

Plasmids pWD23, pWD25, pWD35, pWD36, pWD43, and pWD45 bearing point mutations 

of H4K16R, H4K16Q, H3K9R, H3K9Q, H3K56R, and H3K56Q, respectively, were 

generated by QuikChange site-directed mutagenesis (Stratagene) from plasmid pRM204 

containing a wild-type copy of histone H3 and H4 genes (HHT2-HHF2) and verified by 

sequencing. Yeast strains used in this study are listed in Supplementary Table 2. Strains 

carrying a mutant histone plasmid as the sole source of histone H3 and H4 were made by 

shuffling the mutant plasmid into strain FY1716, followed by selection on synthetic 

complete media containing 1 mg/ml 5-FOA to remove the existing wild-type histone 

plasmid pDM1 from FY1716. Strains bearing an integrated histone mutation were 

constructed by transforming PCR products containing the mutation into strain FY1716 and 

selecting on 5-FOA containing media. All histone mutant strains were verified by 

sequencing.

Isolation of yeast old mother cells

Old mother cells were isolated from exponentially growing cultures in YPD (1% yeast 

extract, 2% bacto peptone, 2% dextrose) by surface labeling with NHS-LC-Biotin (Thermo 

Fisher) and affinity purification as previously described44, except that up to 4.8×109 cells 

were used for labeling for up to four rounds of sorting and Dynabeads Biotin Binder 

(Invitrogen) was used. Exponential growth before each round of sorting was limited to 6-8 

doublings. About 4×108 old mother cells were saved for analysis after each round of sorting. 

Mean ages of isolated cells (n=50 each) were estimated by counting the number of bud 

scars, stained with Calcofluor (Sigma) and visualized by fluorescence microscopy.

Preparation of whole cell extracts and western blotting

Whole cell extracts were prepared as described7. Proteins were resolved by SDS-PAGE and 

transferred to PVDF. Blots were probed with antibodies specific for histones H3, H4, 

various histone modifications, and Sir2, as listed in Supplementary Table 3.

Quantification of rDNA Copy Number and mRNA Expression Levels

Total DNA was purified typically from 100 μg whole cell extracts of young or old cells with 

QIAGEN PCR purification kit following sequential 10 μg RNase A treatment and 20 μg 
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Protease K treatment at 37 °C for 1 hour each. Levels of rDNA were quantified by real-time 

PCR with primers specific to the 5.8S rDNA gene RDN58 and non-transcribed region NTS2, 

normalized to ACT1 levels. Total mRNA and cDNA were prepared with QIAGEN RNeasy 

kit and Applied Biosystems reverse transcription kit, and quantified by real-time PCR. Real-

time PCR primers are listed in Supplementary Table 4.

Chromatin Immunoprecipitation

Young or old cell samples were crosslinked with 1% formaldehyde at room temperature for 

10 minutes immediately after cell sorting or harvesting. Chromatin Immunoprecipitation 

(ChIP) was performed as described45 with specific antibodies and quantified by real-time 

PCR. The specificity of all antibodies used in ChIP (listed in Supplementary Table 3) was 

verified with lysates prepared from strains carrying corresponding histone substitution 

mutations or gene deletions. Real-time PCR primers are listed in Supplementary Table 4.

Telomere Silencing

Young and old cells were isolated as described above except that the scale was reduced by 

20 fold. About 1×107 young and old cells were diluted to 200 μl, followed by 10-fold serial 

dilutions. Then 10 μl of each dilution was spotted on synthetic complete media (SC) and SC 

containing 1 mg/ml 5-FOA. Fractions of cells giving rise to 5-FOA resistant colonies are 

shown.

Yeast Lifespan Determination

Replicative lifespans of yeast strains were determined by micromanipulation as described13. 

Statistical assessment of lifespan differences was determined by Wilcoxon Rank Sum Test.

Nicotinamide Treatment

Yeast cells were grown at 30 °C overnight in YPD, then transferred to fresh media YPD or 

YPD containing 5 mM nicotinamide, and allowed to continue growing for 4-5 hours (2 

doublings of exponential growth).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chromatin and Sir2 levels change in old cells
(a) Western analysis for extracts from young and old yeast (strain W1588-4C) with specific 

antibodies. Consistent results were also observed with strain BY4741 (data not shown). (b) 

Positions of qPCR primers used in ChIP. (c) ChIP analysis for young and old cells (average 

bud scar counts in parentheses). Chromatin immunoprecipitated with antibodies against 

H4K16ac (upper), H3 (middle), or Sir2 (lower) was analyzed by qPCR with primers shown 

in (b). Fold changes for the oldest sample (white bars) over the young cells (black bars) are 

indicated above the bars.
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Figure 2. The X core element of telomeres shows silencing defects in old cells
(a) Schematic showing the positions (#1 to #5) of URA3 gene insertions near telomere 

TEL11L29. (b) Silencing assay for young and old cells of strains bearing URA3 gene 

insertions as shown in (a). The extent of silencing is expressed as the fraction of cells 

resistant to 5-FOA (n=4, error bars showing standard deviations). Average bud scar counts 

are listed for old cell samples.
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Figure 3. Sas2 antagonizes Sir2 in regulating lifespan and H4K16 acetylation
(a-b) Replicative lifespan analysis for strains WT, sas2Δ (a) and strains WT, sas2Δ, SIR2-

OE, and sas2Δ SIR2-OE (b) with MLS in parenthesis. Lifespan p-values are listed in 

Supplementary Table 5. (c-e) Old cells were isolated for wild-type and sas2Δ strains 

(average bud scar counts in parenthesis). Chromatin immunoprecipitated with antibodies 

specific to H4K16 acetylation (c), H4 (d), or Sir2 (e) was analyzed by qPCR with primers 

used in Supplementary Table 1. Data for XC positions and XR positions were averaged and 

standard deviations were shown as error bars. (f) Cellular extracts as in (c-e) were analyzed 

by western blotting, probed with specific antibodies.
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Figure 4. Histone H4K16 and H3K56 mutations affect replicative lifespan through distinct 
mechanisms
(a-b) Replicative lifespan analysis (MLS in parenthesis) (a) and ChIP analysis with histone 

H4 antibody (b) for cells bearing WT histone H4, H4K16R, or H4K16Q plasmids. Fold 

changes for H4K16Q compared to H4WT in ChIP analysis are indicated above the bars. 

Error bars show standard deviations (n=3). (c-d) Replicative lifespan analysis for strains 

carrying WT histone H3, H3K56R, or H3K56Q plasmids (c) and strains WT, rtt109Δ (d) 

with MLS in parenthesis. Lifespan p-values are listed in Supplementary Table 5.
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Figure 5. H4K16 is involved in a Sir2-regulated aging pathway associated with telomere 
chromatin
(a-c) Replicative lifespan analysis performed in parallel for strains bearing integrated WT 

histone H4, H4K16R, or H4K16Q in WT and sir2Δ backgrounds (a), in SIR2-OE 

background (b), and in fob1Δ background (c) with MLS in parenthesis. (d-e) Replicative 

lifespan analysis for strains WT, SIR2-OE, sir3Δ, and SIR2-OE sir3Δ (d), and for strains 

WT, sir3Δ, and sir4Δ (e) with MLS in parenthesis. Lifespan p-values are listed in 

Supplementary Table 5. (f) Schematic model for telomere chromatin changes in yeast old 

mother cells.
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