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Sir3 and Epigenetic Inheritance of Silent Chromatin in Saccharomyces

cerevisiae
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Epigenetic mechanisms maintain the specific characteristics of differentiated cells by ensuring the inheritance of gene expression
patterns through DNA replication and mitosis. We examined the mechanism of epigenetic inheritance of Sir protein-dependent
transcriptional silencing in Saccharomyces cerevisiae by examining gene expression and molecular markers of silencing at the
silent mating type loci under conditions of limiting Sir3 protein. We observed that silencing at HMR, as previously reported for
HML, is epigenetically inherited. This inheritance is accompanied by an increased ability of previously silenced cells to retain or
recruit limiting Sir3 protein to cis-acting silencer sequences. We also observed that the low H4-K16 histone acetylation and H3-
K79 methylation associated with a silenced HMR locus persist in recently derepressed cells for several generations at levels of
Sir3 insufficient to maintain these marks in long-term-derepressed cells. The unique ability of previously silenced cells to retain
Sir3 protein, maintain silencing-specific histone modifications, and repress HMR transcription at levels of Sir3 insufficient to
mediate these effects in long-term-derepressed cells suggests that a cis-acting, chromatin-based mechanism drives epigenetic

inheritance at this locus.

Differentiation into distinct cell types involves establishing
unique patterns of gene expression. Once established, epige-
netic mechanisms operate to maintain these patterns as cells di-
vide. Chromatin structure plays a fundamental role in dictating
gene expression states; chromatin-based models for epigenetic in-
heritance propose that nucleosomes bearing specific histone mod-
ifications are randomly distributed to sister chromatids during
DNA replication. In these models specific histone modifications
help recruit the enzymes responsible for creating the modifica-
tion; these enzymes then modify adjacent new nucleosomes and
recapitulate the starting chromatin state (for reviews, see refer-
ences 21 and 32).

The budding yeast Saccharomyces cerevisiae uses a transcrip-
tional silencing mechanism to regulate genes controlling its devel-
opmental fate. Silencing depends on the locus-specific action of
the Sir proteins (for reviews, see references 10 and 42). Once re-
cruited to cis-acting silencer sequences, the Sir2 protein deacety-
lates histone H3 and H4 tails on adjacent nucleosomes (48, 49).
This deacetylation increases the affinity of the Sir3 and Sir4 pro-
teins for these tails (14, 24). Reiterative binding of the Sir complex
and histone deacetylation provide a model for Sir protein spread-
ing across the silenced region. Mutations that weaken silencing,
such as deletion of the SIRI gene (37) or specific mutations in the
silencers (26) or RAPI (46), reveal an epigenetic pattern of silenc-
ing at the HML locus, in which previously silenced cells are far
more likely to be silenced in subsequent generations than previ-
ously unsilenced cells. Silencing at yeast telomeres also exhibits an
epigenetic pattern of inheritance (1).

The presence of a positive-feedback loop in Sir-protein-depen-
dent silencing, in which a Sir2-induced histone modification re-
cruits Sir3 and Sir4, which in turn can recruit Sir2, is consistent
with the chromatin-based epigenetic model described above.
However, basic predictions of these models have not been tested.
To examine the possibility that the epigenetic pattern observed for
yeast silencing is due to a self-templating mechanism, we exam-
ined the stability of silencing at the HML and HMR loci under
conditions of steadily decreasing Sir3 protein levels. We found
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evidence that silencing at HMR, like at HML, is also epigenetically
inherited and that this inheritance is accompanied by an increased
ability of previously silenced cells to retain or recruit limiting Sir3
protein to silencer sequences. We also observed that the low H4-
K16 histone acetylation and H3-K79 methylation associated with
a silenced HMR locus persist in recently derepressed cells for sev-
eral generations at levels of Sir3 insufficient to maintain these
marks in long-term-derepressed cells.

MATERIALS AND METHODS

Media. All the strains were grown in YPraffinose medium (1% Bacto yeast
extract, 2% Bacto peptone extract, and 2% raffinose). To induce expres-
sion of GAL-SIR3, galactose was added to YPraffinose medium to 2%. For
solid medium, Bacto agar was added to 2%.

Strains. Strains used in this study are listed in Table 1. To create strains
YSH831 and YSH832, the SIR3 alleles of BY4735 (3) and YSHS8I11 (28)
were tagged at their C terminus with a 9-myc epitope (23). The MAT locus
of YSH494 (16) was replaced with the hphMX4 (hygromycin resistance)
gene (12) to create YSH829. To make YSH1089, we first excised URA3
from TELVR in YSH832 and then inserted the GFP-lacI gene at the URA3
locus using plasmid pAFS152 (45), creating strain YSH1088. An HMR
proximal fragment (chromosome III coordinates 296200 to 297039,
SGD) was cloned into plasmid pAFS59.1 (45) at the KpnI-Sacl sites to
create plasmid pTM2. This plasmid was cut with BglII and then integrated
into YSH1088, introducing an ~10-kb array of 256 lac operators ~2 kb
downstream of HMR, creating YSH1089.

To examine repression at HML and HMR under conditions of limiting
Sir3 protein, we grew strain YSH832 to early log phase in YPraffinose
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TABLE 1 Yeast strains used in this study
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TABLE 2 Primers used in this study

Strain Genotype

YSH556 MATa ade2A::hisG his3A200 leu2A0 met15A0 trp1 A63
ura3A0 ppr1A::HIS3 URA3-TELVR

YSH829 MATa ade2 lysI his5 leu2 canl sir3A:LEU2 ura3::URA3-sir3-
8 2pum mataA:HYG

YSH831 MATo ade2A::hisG his3A200 leu2A0 met15A0 trp1A63
ura3A0 SIR3-9MYC KAN

YSH832 MATa ade2A::hisG his3A200 leu2A0 met15A0 ura3A0
ppr1A:HIS3 sir3A:NATI mataA::HYG URA3-TELVR
trp1A63::GAL10p-SIR3-9MYC-KAN-TRPI

YSH872 MATa ade2A::hisG his3A200 leu2A0 met15A0 trp1 A63
ura3A0 ppr1A::HIS3 URA3-TELVR sir3A:NATI
mataA:HYG

YSH1088 MATa ade2A::hisG his3A200 leu2A0 met15A0 ura3A0
ppr1A:HIS3 sir3A:NATI mataA:HYG trp1A63:GALIOp-
SIR3-9MYC-KAN-TRP1 13GFP-LacI-URA3

YSH1089 MATa ade2A::hisG his3A200 leu2A0 met15A0 ura3A0

ppr1A:HIS3 sir3A:NATI mataA:HYG trp1A63:GALIOp-
SIR3-9MYC-KAN-TRP1 13GFP-LacI-URA3
HMR-I-tDNA-256xlac®”-LEU2

medium, at which time Sir3 production was induced with galactose for 16
h. During this induction phase and throughout the subsequent time
course of this experiment, the culture was diluted in fresh medium ap-
proximately every 2 h to ensure that the culture remained in early log
phase (optical density at 600 nm [ODg,], between 0.1 and 0.5). After
galactose induction the cells were washed by filtration and resuspended in
YPraffinose medium for the duration of the experiment.

qPCR. RNA extraction, cDNA synthesis, and quantitative PCR
(qPCR) were performed as previously described (28). Primers specific for
HMRal, HMLal, and ACTI are listed in Table 2. ACTI was used as an
internal control. An average of three independent experiments is shown in
the illustrations, unless otherwise indicated.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were
performed essentially as described previously (29). Immunoprecipitation
was carried out using the following antibodies: 1 pl myc-epitope antibody
(9B11; Cell Signaling Technology), 2.5 pl anti-acetyl-histone H4 (K16)
antibody (07-329; Millipore), and 4 pl anti-dimethyl-histone H3 (K79)
antibody (ab3594; Abcam). Primers for ChIP are listed in Table 2. Enrich-
ments relative to an endogenous control were calculated as described
previously (29). An average of three independent experiments is shown in
the illustrations, unless otherwise indicated.

Western blotting. Protein was extracted from whole cells using the
trichloroacetic acid (TCA) precipitation method as described previously
(51). Whole-cell protein extracts were fractionated on 12% polyacryl-
amide-SDS gels, transferred to nitrocellulose membranes (Amersham),
and probed with anti-myc antibody (clone 9E11; Chemicon International; or
clone 9B11; Cell Signaling Technology) and with anti-a-tubulin antibody
(YOL1/34, sc-53030; Santa Cruz Biotechnology Inc.). Secondary detec-
tion was performed using horseradish peroxidase coupled to goat anti-
mouse secondary antibody (sc-2005; Santa Cruz Biotechnology Inc.) and
goat anti-rat secondary antibody (sc-2006; Santa Cruz Biotechnology
Inc.). A chemifluorescent reagent (Amersham ECL plus Western blotting
detection reagent RPN 2132 from GE Healthcare) was used for detection
of the protein, and the membrane was scanned by using a Storm 840
PhosphorImager (GE Healthcare) or Typhoon 9400 (GE Healthcare).
The Sir3p bands were quantified with respect to corresponding a-tubulin
bands using Image-Quant software. An average of three independent ex-
periments is shown in the illustrations.

Immunostaining and microscopy. Semisquash preparations were
adapted from published protocols (18, 39) with minor modifications.
Cultures were grown to log phase (ODg, 0.3 to 0.5), 5 ml was removed,
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Primer Region amplified
no. Primer sequence and method(s)®
SP65 GGCGGAAAACATAAACAGAACTCTG HMRal, RT-PCR
SP66 CCGTGCTTGGGGTGATATTGATG and ChIP (B)
SP221 CCAGATTCCTGTTCCTTCC HMLal, RT-PCR
SP222 GTCCCATATTCCGTGCTG and ChIP (D)
SP 236 CTGAATTAACAATGGATTCTG ACTI1, RT-PCR
SP 237 CATCACCAACGTAGGAGTC

SP638 ATCGTTATGTCCGGTGGTACC ACT1, ChIP
SP639 TGGAAGATGGAGCCAAAGC

SP1335 TGCAAAAACCCATCAACCTTG HMR-E, ChIP (A)
SP1336 ACCAGGAGTACCTGCGCTTA

SP1337 GGATGGATCTAGGGTTTTATGCC HML-E, ChIP (C)
SP1338 TTTGGCCCCCGAAATCG

@ Probe (A, B, C, or D) used in ChIP assay is indicated in parentheses.

and formaldehyde was added to a final concentration of 4%. Fixation was
carried out at room temperature for 1 h. Cells were then washed with 1 ml
of 1% potassium acetate (KAc)—1 M sorbitol solution and collected by
centrifugation (2,000 rpm for 4 min). The pellet was resuspended in 500
wl 1% KAc—1 M sorbitol solution, and 10 pl 1 M dithiothreitol and 20 pl
of a Zymolyase 100T (Seikagaku Co., Tokyo) stock solution (10 mg/ml)
were added to carry out spheroplasting at 37°C. After 30 to 40 min, diges-
tion was halted by the addition of 500 .l stop solution consisting of 0.1 M
2-(N-morpholino)ethane acid (MES), 1 mM EDTA, 0.5 mM MgCl,, and
1 M sorbitol in distilled water. Cells were then collected by centrifugation,
and the pellets were washed in 1 ml stop solution. Cell pellets were resus-
pended in 80 pl cold MES solution (0.1 M MES, 1 mM EDTA, 0.5 mM
MgCl,), and 200 .l of fixative (4% paraformaldehyde and 3.4% sucrose)
was added. The mixture was evenly spread over the surface of the slide
with a coverslip, and the slides were processed for immunostaining.

Immunostaining was performed as described previously (18), using a
mouse monoclonal antibody against Nsplp (ab4641; Abcam) at a 1:100
dilution to mark the nuclear periphery and Alexa Fluor 568—goat anti-
mouse IgG (H+L) (A11004; Molecular Probes) at a 1:200 dilution as the
secondary antibody.

Quantitative analysis of green fluorescent protein (GFP) dot position
within the nucleus was performed as described previously (15). Softworx
software, in conjunction with the Deltavision RT imaging system (Ap-
plied Precision) adapted to an Olympus (IX70) microscope, was used to
acquire image stacks at 0.2-um spacing along the z axis. The three-dimen-
sional position of the HMR-lacI-GFP spot was determined relative to the
center of the cell and to the nuclear periphery. In each cell the distance of
the GFP dot to the nuclear periphery (x) and the nuclear diameter (y) were
determined. Dividing the first value by one-half of the second (i.e., the
radius), we get a value that relates the position of HMR relative to the
nuclear periphery and normalized to the diameter of the nucleus. We
classified each spot as falling into one of the three concentric zones based
on this value (see Fig. 7B). The spot is considered to be in zone I if this
value is <(0.184 X r), where r is the nuclear radius, in zone II if the value
is between 0.184r and 0.422r, and in zone 11 if the value is >0.422r.

RESULTS

In limiting amounts of Sir3 protein, silencing at HMR is more
stable than at the HML locus. To study the mechanism of epige-
netic inheritance of heterochromatin in budding yeast, we moni-
tored the persistence of heterochromatin at the silent mating type
loci under conditions of steadily decreasing Sir3 protein levels. We
used YSH832, a strain in which the sole source of Sir3 was supplied
by an integrated galactose-inducible SIR3 allele (pGALI10-SIR3).
Sir3 production and silencing are tightly controlled by the carbon
source in these cells; Western blot analysis (Fig. 1A) revealed that
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FIG 1 Steady-state examination of Sir3 protein I and al mRNA levels. (A) Sir3 protein levels were determined by Western blotting, normalized to an a-tubulin
internal control, and expressed relative to a control strain bearing a wild-type SIR3 gene (YSH831, —galactose). (B and C) Galactose-inducible repression of
transcription at HML and HMR. Strains YSH556, YSH872, YSH831, and YSH832 were grown to steady state in YPraffinose medium with or without galactose.
Levels of a1, al,and ACTI mRNA were determined by qPCR analysis (see Materials and Methods) and expressed relative to the uninduced (—galactose) control

of the sir3A strain. A representative gel scan is shown.

Sir3 protein levels in the absence of galactose are at least 10-fold lower
than wild-type levels and are increased to approximately 4.5 times the
wild-type levels upon galactose induction. Using qPCR to assess
mRNA levels, we observed no significant silencing of HML or HMR
in cells grown in noninducing YPraffinose medium and wild-type
levels of silencing in galactose-induced cells (Fig. 1B and C).

To examine the pattern of silencing in cells experiencing lim-
iting levels of Sir3, we grew YSH832 in YPraffinose medium to
early log phase and then carried out Sir3 induction for atleast 16 h;
a previous study using an inducible Sir3 strain reported that in-
ductions of this duration were sufficient for complete repression
at HMR and loss of histone modifications associated with active
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chromatin (20). Following Sir3 induction, galactose was washed
out of the culture and the cells were grown in YPraffinose. Every 2
h we measured levels of al and al mRNA, transcribed from the
HML and HMR genes, respectively, and also determined Sir3 pro-
tein levels (Fig. 2A). Sir3 protein returned to wild-type levels ap-
proximately 12 h (~3.1 generations) after removal of galactose
and reached the uninduced level by 22 h (~5.8 generations)
(Fig. 2B). The half-life of Sir3 in our experiments is roughly equal
to the generation time, indicating that Sir3 protein is relatively
stable across the time course of our experiment and that decreases
in concentration are primarily due to dilution following cell divi-
sion. This stability is consistent with published reports (9).
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FIG 2 Stability of silencing at HML and HMR under conditions of steadily decreasing Sir3 protein. (A) Experimental design. Strain YSH832 was grown to early
log phase in YPraffinose medium. This culture was divided, and one half was induced with 2% galactose, while the other half was not induced. After 16 h galactose
was washed out, and cells were cultured in YPraffinose medium. Every 2 h, samples were collected for analyzing mRNA levels from HML and HMR and to
monitor Sir3 protein levels. (B) Stability of silencing at HML and HMR under conditions of steadily decreasing Sir3 protein. al and al mRNA levels were
determined by qPCR analysis (see Materials and Methods) and expressed relative to their uninduced (—galactose) levels. Sir3 protein levels were determined by
Western blotting, normalized to an a-tubulin internal control, and expressed relative to a control strain bearing a wild-type SIR3 gene (YSH831, WT lane). A
representative Western blot is shown. Lanes “—galactose” and “+galactose” indicate Sir3 levels in long-term-uninduced and induced cultures, respectively. The

numbers of hours and cell generations following galactose washout are listed.

Our qPCR analysis revealed that under conditions of limiting
Sir3 protein, silencing at HMR is more stable than at HML. The
transcriptional repression of al message from HML started to
decay by 16 h and was completely lost by 22 h (Fig. 2B). In con-
trast, the transcriptional repression of HMRal message started to
decay at ~22 h and was completely lost by 28 h (Fig. 2B). Notably,
we observed that silencing at HMR persisted at levels of Sir3 that
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were insufficient to promote repression under steady-state condi-
tions; by 22 h, Sir3 protein levels decreased to the uninduced level
but HMR remained fully silenced. Significant repression of al
continued for approximately two generations after this time, with
al message only reaching fully expressed levels at ~28 h. This
indicates that previously silenced cells are able to maintain silenc-
ing under conditions insufficient to promote silencing in previ-
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FIG 3 Recently derepressed cells establish silencing faster than naive cells. (A) Establishment of silencing in naive and recently derepressed cells. Galactose was
added to 2% to long-term-uninduced cells (“naive” cells) and to recently derepressed cells. For the recently derepressed sample, cells were grown as described in
the Fig. 2A legend; galactose was readded to cells 36 h after galactose was washed out. Following galactose addition, samples were collected every 15 min for 150
min. The levels of al mRNA were measured by qPCR analysis (see Materials and Methods). The difference in the establishment of silencing in naive and recently
derepressed cells at 15 and 30 min after galactose washout was statistically significant (¥, P = 0.039 and P = 0.023, Student’s ¢ test). (B) Sir3 protein levels were
measured in the cultures described for panel A as described in the legend for Fig. 2B.

ously unsilenced cells. Thus, as shown previously for HML, an
epigenetic mechanism exists at HMR to promote the inheritance
of the repressed state in daughter cells.

Recently derepressed cells regain silencing faster than naive
unsilenced cells. We observed that cells are able to temporarily
maintain silencing when their Sir3 levels decrease to levels that are
unable to support silencing under steady-state conditions. To ex-
amine whether recently derepressed cells have persistent pheno-
typic differences compared to long-term-derepressed cells, we
compared the rate of establishment of silencing at HMRal in naive
cells with the rate in recently derepressed cells. We added galactose
to long-term-unsilenced cells (“naive cells”) and to cells 36 h after
washing out galactose (“recently derepressed cells”) and then
measured al mRNA levels every 15 min. As shown in Fig. 3A,
silencing is established more quickly in recently derepressed cells,
primarily due to the loss of a lag period in naive cells, in which no
silencing is achieved. We also compared the levels of Sir3 protein
in naive and recently derepressed cells and observed that at early
time points recently derepressed cells express Sir3 at higher levels
(Fig. 3B). This differential Sir3 expression may reflect an indepen-
dent memory mechanism operating on the GAL10 promoter con-
trolling SIR3 transcription (4). Thus, while we observed an in-
crease in the rate of repression in recently derepressed cells, our
experiment does not establish whether this is due to an epigenetic
mechanism operating at HMR or to differences in Sir3 levels un-
der the two conditions.

Sir3 is retained at the HMR-E silencer in an epigenetic pat-
tern. The ability of silenced cells to maintain silencing at HMR as
Sir3 reaches limiting levels suggests that their previously silenced
status gives them an advantage in recruiting or retaining limiting
Sir3 protein. To study the molecular events accompanying the
inheritance of silencing in low levels of Sir3 protein, we monitored
the association of Sir3 at the HML and HMR loci and their silencer
regions using ChIP assays. Samples were collected from the unin-
duced and induced control cultures and from the induced/washed
culture at the 0, 12, 18, 22, 26, and 36 h time points. In long-term-
induced and -uninduced cultures, we observed a galactose-depen-
dent association of Sir3 with both silencers and the al and al
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genes (Fig. 4A and B). After the removal of galactose, Sir3 associ-
ation with the HMRal gene tracks well with the overall level of Sir3
protein in the cell (Fig. 4A, gray bars). However, the association of
Sir3 with the HMR-E silencer decreases with slower kinetics
(Fig. 4A, black bars). In particular, at the 22 h time point Sir3 is
substantially retained at HMR-E, even though Sir3 levels are at
uninduced levels (Fig. 4A). As Sir3 is not enriched at HMR-E in
long-term-derepressed cells, this result indicates that the Sir3 pro-
tein association with this silencer is epigenetically inherited. At the
HML locus, the association of Sir3 protein at the HMLa I gene and
at HML-E tracked well with overall levels of Sir3 protein in the cell
(Fig. 4B). We have not determined the minimal level of Sir3 re-
quired to repress transcription of the silent mating type loci under
steady-state conditions; thus, we cannot conclude whether repres-
sion of transcription and Sir3 retention at HML also follow an
epigenetic pattern. Given the clear epigenetic pattern we observed
at HMR, we focused additional experiments on this locus.

Decreased H4-K16 acetylation and H3-K79 dimethylation
persist in recently derepressed cells. We used ChIP to investigate
the pattern of histone modifications at HMR as Sir3 levels became
limiting. In control experiments we observed galactose-depen-
dent decreases in H3-K79 dimethylation and H4-K16 acetylation
in long-term-induced or -uninduced cultures (Fig. 5A). In cells
experiencing steadily decreasing Sir3 protein, the low levels of
H3-K79 dimethylation persisted at levels significantly below those
of uninduced cells for several generations, even as al message
reached fully expressed levels (Fig. 5A, black bars). Even more
strikingly, H4-K16 deacetylation remained unchanged for several
generations after Sir3 reached uninduced levels (Fig. 5A, gray
bars).

To determine if the slow reacquisition of these marks was a
typical consequence of Sir3 loss, we monitored H4-K16 acetyla-
tion in a Sir3 temperature-sensitive strain (YSH829), shifted from
permissive temperature (23°C) to nonpermissive temperature
(37°C). We found that inactivation of Sir3 by temperature shift led
to a rapid loss of silencing and increase in H4-K16 acetylation at
HMRal (Fig. 5B); no increase in H4-K16 acetylation was observed
in a strain bearing a wild-type strain SIR3 gene (YSH831) or in a
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FIG 4 Association of Sir3 with the silent mating type loci. (A) (Top) The
positions of the HMR-E (indicated by an “A” above the diagram) and al
(indicated by a “B”) probes used for ChIP are shown on a diagram of the HMR
locus. (Bottom) Association of Sir3 with HMR is shown, measured in galac-
tose-induced cultures in which galactose had been removed for the indicated
number of hours. Long-term-uninduced and induced controls are also shown
(“—gal” and “+gal,” respectively); values are expressed relative to the galac-
tose-induced control. The association of Sir3 at HMR-E at 22 h versus the
uninduced culture (—gal) is statistically significant (P = 0.035, Student’s ¢
test). (B) Sir3 association with HML was measured as described for panel A.
The association of Sir3 at HML-E and HMLa I at the 22 h time point (and at all
subsequent time points) versus the induced culture (+gal) is statistically sig-
nificant (P < 0.001, Student’s  test).

sir3A strain (YSH872) following a similar temperature shift (Fig.
5C). These results suggest that the persistence of low H4-K16 acet-
ylation under conditions of diminishing Sir3 is dependent on Sir3
activity and reflects a unique ability of previously silenced cells to
utilize normally limiting levels of Sir3.

Persistence of H4-K16 deacetylation is partially dependent
on Sir2 activity. To determine if Sir2 is required to maintain the
deacetylated state in recently derepressed cells, we inhibited the
activity of Sir2 using nicotinamide (2). In control experiments a
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4-h incubation of galactose-induced cells with nicotinamide dis-
rupted silencing and caused an increase in H4-K16 acetylation
(Fig. 6A). Next, we tested if H4-K16 deacetylation observed at
HMRal in low levels of Sir3 protein could be reversed upon treat-
ment with nicotinamide. Induced/washed cultures were grown in
YPraffinose for 32 h. Nicotinamide was added, cells were grown an
additional 4 h, and then H4-K16 acetylation was examined by
ChIP. As shown in Fig. 6B, we observed a significant increase in
H4-K16 acetylation at HMRal compared with the untreated cells
(36 h +nicotinamide versus 36 h —nicotinamide), although acet-
ylation did not return to the levels seen in the control experiment.
This suggests that persistence of H4-K16 deacetylation at HMRal
is at least partially dependent on Sir2 activity.

The HMR locus is peripherally localized in recently dere-
pressed cells. Silenced sequences and silencing proteins are non-
randomly distributed in the nucleus in yeast, with a tendency to
associate with the nuclear periphery (6, 7, 11, 13, 27). To explore
whether subnuclear localization of HMR sequences could explain
the differences that we saw between long-term-derepressed and
recently derepressed cells, we monitored the HMR position within
the nucleus. We inserted ~256 lac°” binding sites approximately 2
kb telomere proximal to the HMR locus, creating YSH1089. Ex-
pression of LacI-GFP in these cells creates a single focus of GFP
fluorescence, allowing the position of HMR to be determined. We
also used an antibody against a component of nuclear pore com-
plex Nsp1 to visualize the nuclear periphery. We collected three-
dimensional focal stacks to measure the distance between Lacl-
GFP foci and the nuclear membrane in long-term-uninduced
(naive) and galactose-induced cells and in cells 22 h or 36 h fol-
lowing washout of galactose. Under all conditions tested, we ob-
served a tendency to be in the outer two zones of the nucleus.
However, we failed to observe a significant difference between
long-term-repressed cells and naive cells; cells at the 22 h time
point also showed a pattern similar to that of these controls
(Fig. 7B). Thus, to the extent of the precision of measurement
possible in these assays, retention of peripheral localization does
not appear to be the mechanism aiding the retention of Sir3 at
HMR under conditions of limiting Sir3. Unexpectedly, we ob-
served an increase in HMR localization to zone I in recently dere-
pressed cells (36 h cells). This change in localization could be
contributing to the retention of silent histone marks we observed
at this time; however, we noted that this change in localization
coincided with the onset of al transcription, and migration to the
nuclear periphery at the onset of transcription has been observed
for several other genes (4, 5, 7, 47).

DISCUSSION

The epigenetic pattern of inheritance observed for Sir-dependent
silencing in budding yeast cells was established by assessing the
phenotypic consequences of HML transcription in single-cell ped-
igree assays (26, 37). Phenotypic assays based on colony color
indicated that silencing at yeast telomeres was also inherited mi-
totically (1). Characterization of the properties of the Sir2, Sir3,
and Sir4 proteins (summarized in the introduction) revealed a
potential positive-feedback loop for Sir protein recruitment and
histone deacetylation consistent with basic predictions of nucleo-
some-based inheritance models; however, there is little direct ev-
idence for this mode of epigenetic inheritance in this or other
systems (reviewed in references 21 and 38). We tested predictions
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H3-K79 dimethylation and H4-K16 acetylation at HMR were measured using ChIP (see Materials and Methods) with an HMRal probe (probe B in Fig.
4A). Association of the histone marks was measured in galactose-induced cultures in which galactose had been removed for the indicated number of
hours. Long-term-uninduced and induced controls are also shown (“—gal” and “+gal,” respectively); values are expressed relative to the uninduced
control. (B) Histone acetylation increases rapidly upon Sir3 inactivation. Strain YSH829 (sir3-8) was grown in YPraffinose medium to log phase at
permissive temperature (23°C) and then divided into two cultures; one was kept at 23°C, and the other was shifted to nonpermissive temperature (37°C).
After the temperature shift, samples were collected after 30 min, 1 h, and 2 h to measure al mRNA levels and H4-K16 acetylation at HMRal. Immunoblot
experiments indicated that Sir3-8p levels were similar to wild-type Sir3 levels at permissive temperature but significantly lower than wild-type levels when
shifted to nonpermissive temperature (not shown), consistent with prior reports (44). al mRNA levels are expressed relative to the culture kept at 37°C
for 2 h, and H4-K16 acetylation levels are expressed relative to the 23°C culture. (C) Relative levels of H4-K16 acetylation at HMRal were measured in a
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acetylation levels are expressed relative to the 23°C culture of the sir3A strain.

of these models by examining silencing at HML and HMR under
conditions of steadily decreasing Sir3 protein.

Several prior studies have shown that HML is more sensitive
than HMR to mutations that weaken silencing. For instance, spe-
cific substitution mutations or deletions of the histone H4 N ter-
minus disrupt silencing at HML but have only minor effects on
repression at HMR (19, 22, 30, 36). Similarly, deletion of the
NATI or ARDI genes, which code for components of an N-termi-
nal acetyltransferase that likely acts on Sir3, also preferentially
derepresses HML (33, 52, 53). Our results suggest an explanation
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for these prior observations: we observed that when Sir3 becomes
limiting, silencing at HMR is more stable than at HML, indicating
that the HMR locus is better able to sustain silencing at very low
levels of Sir3. We observed that transcriptional repression at HMR
persists even when Sir3 protein decreases to levels that are insuf-
ficient to support measurable silencing in long-term-derepressed
cells, indicating that there exists an epigenetic mechanism to pro-
mote the persistence of silencing at HMR. HML was derepressed
when Sir3 reached uninduced levels, but since the minimal level of
Sir3 necessary to promote silencing is not known, we cannot de-
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the 36 h time point is significant (P = 0.019, Student’s ¢ test).

termine whether HML also exhibited an epigenetic pattern in
these experiments.

We note that silencing persists in cells in which Sir3 is detect-
able at the HMR-E silencer, but not at the HMRal gene subject to
silencing (Fig. 4A, 22 h); at this time, silencing-specific histone
modifications are still present at the al gene. Prior studies re-
ported that the HMR-E and HMR-I silencers physically interact in
vivo (31, 50); perhaps once these Sir-dependent interactions are
established, repression is sustained even as Sir3 association dimin-
ishes. Surprisingly, we also observed that the low H4-K16 acetyla-
tion and H3-K79 methylation associated with silencing persist
longafter HMR is derepressed. In a control experiment we showed
that H4-K16 acetylation is rapidly regained when Sir3 is inacti-
vated using a temperature-sensitive allele. This suggests that the
retention of silencing-specific histone modifications is likely still a
Sir3-dependent phenomenon; in these recently derepressed cells
the very low levels of Sir3 present in the cell (approximately 10%
of normal levels) still have the ability to maintain low acetylation
even as the genes are transcribed, an ability not observed in the
long-term-uninduced cells. Persistence of low H4-K16 acetylation
and H3-K79 methylation could be due to an active process of
removing posttranslational modifications from histones or could
be due to sequestration of the locus in a manner that inhibits
access to modifying enzymes. Pertinent to these possibilities, we
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found that at least some of the persistent low acetylation is sensi-
tive to nicotinamide addition, suggesting it depends on the func-
tion of Sir2 (or a Sir2 homolog). We also observed that in recently
derepressed cells the HMR locus is more likely to localize to the
nuclear periphery; however, this change in localization occurs co-
incidentally with transcription of the HMRal gene. In contrast to
prior studies (6, 7, 11), we failed to observe a difference in HMR
localization in silenced versus unsilenced cells. It was recently re-
ported that Sir3 overexpression increased telomere clustering but
decreased peripheral localization of telomeres (40); perhaps the
higher-than-normal Sir3 levels during the early phases of our ex-
periment prevented us from observing silencing-specific HMR lo-
calization.

Single-cell assays previously indicated that strains lacking the
Setl enzyme responsible for methylating lysine 4 on histone H3
converted from an unsilenced phenotype to a silenced phenotype
at a higher rate than did wild-type cells but that cells lacking the
Sas2 enzyme capable of acetylating lysine 16 on histone H4 were
slower to acquire silencing (34, 35). We found that recently dere-
pressed cells had lower levels of H3-K79 methylation and H4-K16
acetylation than naive cells and also silenced more quickly when
Sir3 was induced than did naive cells. While this could reflect an
absence of a lag period due to the different state of these cells’
histone modifications, we also observed a somewhat quicker res-
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repressor fusion bound to the ~256 lac®” array inserted ~2 kb from the locus, as described in Materials and Methods. The nuclear envelope was visualized using
an a-Nsp1 antibody; DNA was stained with DAPI (4',6-diamidino-2-phenylindole). Representative images showing HMR localized to the three zones are shown.
Scale bars, 5 um. (B) Distribution of HMR in three zones from naive, long-term-repressed cells and induced/washed cells at 22 h or 36 h. The dotted line at 33%
indicates a random distribution. The number of cells in zone I at 36 h is significantly different from that of naive cells (two-sided Fisher’s exact test; **, P = 0.007).
No statistically significant difference was observed between long-term-repressed and naive cells (P = 0.15) or between results for 22 h cells and naive cells (P =

0.07).

toration of Sir3 levels that could also be the cause of more-rapid
silencing.

If silencing epigenetics follows a self-templating pattern and
involves either inheritance of modified nucleosomes to which Sir
proteins subsequently bound or inheritance of Sir protein-bound
nucleosomes, then silenced cells should have an advantage over
derepressed cells in retaining limiting Sir3 protein. Our results
show that, for HMR, this is the case; in long-term-uninduced cells,
our ChIP assays were unable to detect Sir3 at the HMR locus, but
when decreasing Sir3 protein reached uninduced levels in silenced
cells, Sir3 was retained at the HMR-E silencer. Prior experiments
using inducible recombination to remove silencer sequences in
vivo demonstrated that transcriptional repression was retained in
the absence of silencers but was lost as cells progressed through a
single cell cycle (8, 16). These experiments showed that a chroma-
tin state sufficient to repress transcription at HML was insufficient
to promote its inheritance, indicating that a nucleosome-only in-
heritance model is insufficient to explain the epigenetic pattern
seen in budding yeast. Consistent with this observation, at the
same time that we observed retention of Sir3 at the HMR-E si-
lencer, we failed to observe Sir3 at the HMRal gene, despite the
presence of histone modifications conducive to Sir3 binding (Fig.
4A). These experiments indicate that neither silencer sequences
nor modified nucleosomes are on their own sufficient to retain
Sir3 when levels become limiting; instead, this suggests that si-
lencer sequences act in concert with local modified nucleosomes
to retain Sir3. Prior experiments reported that association of the
Sir complex (Sir2, Sir3, and Sir4) with silencer sequences was re-
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duced if Sir2’s deacetylase activity was eliminated, also suggesting
that stable Sir complex binding required deacetylated nucleo-
somes (17, 25, 41, 43). Our experiments suggest that this dual
requirement for Sir complex binding may be crucial to inheriting
the repressed state, consistent with a cooperative association
model recently proposed (32).
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