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Yeast contains heterochromatin at telomeres and the silent mating-type loci (HML/HMR). Genes positioned
within the telomeric heterochromatin of Saccharomyces cerevisiae switch stochastically between epigenetically
bistable ON and OFF expression states. Important aspects of the mechanism of variegated gene expression,
including the chromatin structure of the natural ON state and the mechanism by which it is maintained, are
unknown. To address this issue, we developed approaches to select cells in the ON and OFF states. We found by
chromatin immunoprecipitation (ChIP) that natural ON telomeres are associated with Rap1 binding and,
surprisingly, also contain known characteristics of OFF telomeres, including significant amounts of Sir3 and
H4K16 deacetylated nucleosomes. Moreover, we found that H3K79 methylation (H3K79me), H3K4me, and
H3K36me, which are depleted from OFF telomeres, are enriched at ON telomeres. We demonstrate in vitro that
H3K79me, but not H3K4me or H3K36me, disrupts transcriptional silencing. Importantly, H3K79me does not
significantly reduce Sir complex binding in vivo or in vitro. Finally, we show that maintenance of H3K79me at ON
telomeres is dependent on transcription. Therefore, although Sir proteins are required for silencing, we propose
that epigenetic variegation of telomeric gene expression is due to the bistable enrichment/depletion of H3K79me
and not the fluctuation in the amount of Sir protein binding to nucleosomes.

[Keywords: epigenetics; position effect variegation; silencing; telomeres; histones; Sir complex]

Supplemental material is available for this article.

Received July 13, 2012; revised version accepted September 7, 2012.

Epigenetics is traditionally defined as ‘‘the study of
mitotically and/or meiotically heritable changes in gene
function that cannot be explained by changes in DNA
sequence’’ (Riggs et al. 1996). Position effect variegation
(PEV), discovered in the fruit fly Drosophila melanogaster,
is a classic example of an epigenetic phenomenon (Girton
and Johansen 2008). PEV is characterized by the reversible
and stochastic switching of a gene positioned within
heterochromatin between ON and OFF states. Telomere
position effect (TPE), at the heterochromatin of telomeres
in budding yeast, is a form of PEV (Supplemental Fig. S1;
Gottschling et al. 1990; Mondoux and Zakian 2006). TPE
involves the variegated expression of genes positioned
near telomeres at the boundary of heterochromatin and
euchromatin. Although TPE in yeast was discovered
more than two decades ago (Gottschling et al. 1990), how
the variegated gene expression pattern arises at telomeres

is still poorly understood (Ptashne 2002; Mondoux and
Zakian 2006; Madhani 2007).

The formation of telomeric and silent mating-type
locus heterochromatin has been well characterized, and
current data are consistent with a model in which yeast
heterochromatin proteins assemble and spread along
histones in a stepwise manner (Hecht et al. 1996; Rusche
et al. 2003; Mondoux and Zakian 2006). In this process,
Rap1 bound at the telomeric TG1–3 repeats (Buchman
et al. 1988; Klein et al. 1992) recruits Sir4 through direct
protein–protein interaction (Moretti et al. 1994; Hoppe
et al. 2002; Luo et al. 2002). Sir4 in turn recruits Sir2
(Moazed et al. 1997; Strahl-Bolsinger et al. 1997), an
NAD-dependent histone deacetylase (HDAC) with speci-
ficity for histone H4K16 acetylation (H4K16ac) (Imai et al.
2000; Landry et al. 2000; Smith et al. 2000). Deacetylation
of H4K16ac generates a high-affinity binding site for the
Sir3 protein (Johnson et al. 1990; Liou et al. 2005), which
in turn recruits more Sir4 and Sir2 (Hecht et al. 1996;
Hoppe et al. 2002; Luo et al. 2002). Cycles of H4K16
deacetylation and Sir3 recruitment enable spreading of
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the Sir complex along telomeric heterochromatin. The
spreading of the Sir complex is eventually blocked by
H4K16ac in adjacent euchromatin by the histone acetyl-
transferase Sas2 (Kimura et al. 2002; Suka et al. 2002).
Sas2-mediated acetylation of H4K16 is also thought to
enhance the incorporation of the histone H2A variant
Htz1/H2AZ (Shia et al. 2006), which may act as an
additional barrier to Sir complex spreading (Meneghini
et al. 2003).

Similarly, H3K4 methylation (H3K4me), H3K36me,
and H3K79me have also been proposed to contribute to
the boundary between heterochromatin and euchroma-
tin, but the exact role that each modification plays in this
process is less well defined (Verzijlbergen et al. 2009). It
has been suggested, using histone point mutant and
methyltransferase deletion strains, that the presence of
H3K4me or H3K36me prevents ectopic binding of Sir
proteins in euchromatin (Santos-Rosa et al. 2004; Tompa
and Madhani 2007). More critically, the overexpression of
the H3K79 methyltransferase Dot1 has been shown to
disrupt gene silencing in vivo, and it has been proposed
that H3K79me may block Sir complex binding to antag-
onize subtelomeric silencing in vivo (Singer et al. 1998;
van Leeuwen et al. 2002; Ng et al. 2003; Katan-Khaykovich
and Struhl 2005; Altaf et al. 2007; Fingerman et al. 2007;
Onishi et al. 2007). Genetic, biochemical, and structural
studies have shown that unmethylated H3K79 is a con-
tact site for Sir3 and that methylation of H3K79 can
disrupt that interaction between the H3K79 region and
Sir3 in vitro (Ng et al. 2002; Altaf et al. 2007; Fingerman
et al. 2007; Johnson et al. 2009; Martino et al. 2009;
Armache et al. 2011; Ehrentraut et al. 2011). Moreover,
removal of H3K79me has been shown to facilitate de
novo establishment of silencing at the silent mating-type
locus HML (Osborne et al. 2009). Although it has been
reported that H3K79 methylation by Dot1 does not play
a role in natural silencing at HML or at most subtelo-
meres (Takahashi et al. 2011), the study asked whether
the genome-wide depletion of H3K79me would derepress
heterochromatin silencing instead of directly addressing
the function of H3K79me at heterochromatin per se.

The precise mechanism by which heterochromatin
prevents the transcription of a gene is not known. How-
ever, it has been proposed that the Sir complex can
prevent gene activation by either blocking the assembly
of the preinitiation complex (PIC; general transcription
factors and RNA polymerase II [RNAPII]) or regulating
the transition between transcription initiation and
RNAPII elongation (Sekinger and Gross 2001; Chen and
Widom 2005; Gao and Gross 2008). Additionally, it has
been shown that the abnormal lengthening of telomeres
can increase the strength of gene silencing (Kyrion et al.
1993; Li and Lustig 1996; Mishra and Shore 1999; Park
and Lustig 2000).

In contrast to the formation of the OFF state of telomeric
heterochromatin, the chromatin structure of the natural
ON state has not been well characterized. Potentially, the
natural ON state could result from the absence of Rap1
binding to telomeric repeats or loss of interaction be-
tween the Sir complex and nucleosomes due to H4K16ac

or H3K79me (Ng et al. 2003; Moazed 2011). However, this
is not necessarily the case, as it has been shown that a
telomeric gene can be derepressed in the presence of Sir
complex binding in an H4K16R Sir2-345 catalytic mutant
strain (Yang et al. 2008), an H3K56 mutant strain (Xu
et al. 2007), an H3D4-30 tail deletion mutant strain
(Sperling and Grunstein 2009), and a strain with a Gal4-
Sir1 fusion protein artificially recruited to a synthetic
HMR silent mating-type locus prior to the establishment
of silencing (Kirchmaier and Rine 2006).

Therefore, to decipher the basis of epigenetic variega-
tion, we sought to identify the molecular factors that
determine the natural ON state of budding yeast TPE. To
accomplish this, we first developed a method for isolating
populations of cells with telomeres in the ON and OFF
states. This approach is conceptually different from most
previous studies in which mixed populations of cells with
ON and OFF telomeres were compared with heterochro-
matin mutant strains with telomeres that are artificially
ON (Rusche et al. 2003). We then assessed the structural
differences in chromatin at the ON and OFF telomeres in
vivo. Additionally, by in vitro reconstitution of hetero-
chromatin, we asked whether any of the differences
observed in vivo were sufficient to disrupt gene silencing
using yeast nuclear extracts. Surprisingly, we found that
Rap1 binding, Sir complex binding to nucleosomes, and
H4K16 deacetylation were largely similar between the
ON and OFF states in vivo. Instead, we demonstrate that
H3K79me enables the disruption of gene silencing and
inheritance of the natural ON state of the telomere by
a transcription-mediated positive feedback loop despite
the spreading of the Sir complex along nucleosomes. We
conclude that H3K79me and not the difference in the
amount of Sir complex binding to nucleosomes per se is
the epigenetic basis for variegation at telomeres.

Results

Isolation of ON and OFF cells by medium selection

To determine the differences between the ON and OFF
chromatin states, it was necessary to separate ON and
OFF cells in bulk. To accomplish this, we employed a
yeast strain harboring a URA3 reporter gene at a telomere
at the left arm of chromosome VII (TEL07L). We isolated
ON and OFF cells, respectively, by culturing the strain in
medium lacking uracil (SD�ura) or medium containing
the drug 5-FOA (SD+FOA), which is toxic to cells with
Ura3 activity (Fig. 1A; Boeke et al. 1987). For comparison,
YFR057W, a native gene located near a different telomere
(native TEL06R), was monitored as a control.

A recent study had shown that the URA3-FOA assay
may identify false positive hits when used in screens for
detecting silencing mutants, making it necessary to
confirm the expression of URA3 using quantitative RT–
PCR (qRT–PCR) (Rossmann et al. 2011). As shown in
Figure 1B, the mRNA level of URA3 was low in cells
cultured in SD+FOA and high in SD�ura when measured
by qRT–PCR. In fact, the URA3 expression level of cells
grown in SD�ura was comparable with that of a Dsir3
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control strain in which heterochromatin is completely
disrupted (Fig. 1B; Strahl-Bolsinger et al. 1997). Therefore,
by the direct measurement of URA3 mRNA using qRT–
PCR, we found that our medium-based selection ap-
proach is capable of separating ON and OFF cells in bulk.

TPE is regulated at the RNAPII PIC assembly step

Previous studies had reported, in a contradictory manner,
that heterochromatin prevents transcription by blocking
either PIC assembly (Chen and Widom 2005) or the
transition between initiation of transcription and RNAPII
elongation (Sekinger and Gross 2001; Gao and Gross
2008). Therefore, we wished to clarify which step of the
transcription process differed in our wild-type ON and
OFF cells separated by medium selection. To accomplish
this, we measured the binding of the URA3 activator Ppr1
(Myc-tagged), general transcription factor TFIIB (HA-
tagged), and RNAPII at URA3-TEL07L by chromatin
immunoprecipitation (ChIP) in ON cells, OFF cells, and
Dsir3 cells as a control. RNAPII and TFIIB are known to
characterize PICs during gene activation (Hahn 2004;
Kostrewa et al. 2009). As shown in Figure 1C, Ppr1 was
enriched at the promoter of URA3 at a similar level in the

ON and OFF states. In contrast, binding of TFIIB and
RNAPII was observed at the ON but not OFF telomere
(Fig. 1D,E). Thus, based on these results from our me-
dium-selected ON and OFF cells, heterochromatin is
permissive to activator binding but not PIC assembly.
We conclude that the epigenetic variegation states of TPE
are modulated at the PIC assembly step.

Histone methylation but not binding
of heterochromatin proteins differentiates
the ON and OFF telomeres

Differences in any of the steps of the heterochromatin
assembly process could potentially explain how bistable
ON and OFF chromatin states could exist at telomeres in
wild-type yeast strains. To determine whether TPE can be
explained by differences in the binding of key heterochro-
matin proteins, we measured the enrichment level of
Rap1 and Sir3 at URA3-TEL07L in the medium-selected
ON and OFF cells by ChIP. As shown in Figure 1F, binding
of Rap1 to the ON and OFF telomeres was nearly identical.
Similarly, and in contrast to previous models (Ng et al.
2003; Moazed 2011), we also observed that the level of
Sir3 binding to nucleosomes along the subtelomeric

Figure 1. Rap1 binding to DNA and Sir protein binding to nucleosomes are not different between ON and OFF telomeres. (A)
Schematic of the medium selection approach to isolate ON and OFF telomeres. Probes were ;0.15, 0.5, and 1.0 kb away from the
telomeric repeats of URA3-TEL07L and ;1.5 kb from native TEL06R. (B) qRT–PCR of URA3 at TEL07L and YFR057W at native
TEL06R in wild-type (WT) SIR3 cells grown in SD+FOA (blue bars) and SD�ura (red bars) and Dsir3 cells grown is SD (yellow bars). Data
are presented as mean 6 standard deviation (SD). (C,D) ChIP of Ppr1-13Myc (C) and TFIIB-3HA (D) depicted as in B except Ppr1 and
TFIIB were tagged with 13Myc and 3HA, respectively. (E–H) ChIP of RNAPII (E), Rap1 (F), Sir3 binding relative to nucleosome level (G),
and H4K16ac/H3 (H) at URA3-TEL07L depicted as in B.
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region in the ON and OFF cells was essentially the same
(Fig. 1G). Importantly, our measurements took into
account the fact that the number of nucleosomes was
expectedly reduced at ON telomeres compared with
those that were OFF (Supplemental Fig. S2; Pokholok
et al. 2005). Nevertheless, our data support the idea that
epigenetic variegation at telomeres cannot simply be
explained by Rap1 binding or the extent of Sir3 binding
to nucleosomes.

Since binding of Rap1 and Sir3 was similar between
the ON and OFF telomeres, we next asked instead whether
chromatin modifications antagonistic to silencing could
be differentially enriched at these telomeres. To accom-
plish this, we performed ChIP at URA3-TEL07L in
ON and OFF cells using antibodies specific to various
chromatin modifications, including H4K16ac, H3K4me,
H3K36me, and H3K79me. As expected from the efficient
binding of Sir3, we found that H4K16, a key histone
residue that regulates Sir3 spreading, was strongly hypo-
acetylated at both ON and OFF telomeres compared
with Dsir3 (Fig. 1H; Supplemental Fig. S2). However, in
contrast, we found that histone methylation was differ-
entially enriched between the ON and OFF telomeres.
Specifically, H3K79 monomethylation (H3K79me1),
H3K79 dimethylation (H3K79me2), H3K4 trimethylation
(H3K4me3), and H3K36me3 were enriched at the ON
telomere (Fig. 2; Supplemental Fig. S2). We note that
the enrichment levels of Htz1/H2AZ, H3K56ac, and
H3K79me3, which are also capable of affecting gene
silencing (Meneghini et al. 2003; Xu et al. 2007; Frederiks
et al. 2008), were not obviously different between ON
and OFF telomeres (Supplemental Fig. S2). The ChIP
results for all of the above at the native TEL06R control
locus are shown in Supplemental Figure S3. Therefore,
our results argue that histone H3 methylation is enriched
at ON telomeres and has the potential to disrupt gene
silencing without affecting the amount of Sir3 binding to
nucleosomes.

Sir proteins and RNAPII co-occupy chromatin
in the ON state

As shown above, binding of the heterochromatin proteins
Rap1 and Sir3 was similar between the ON and OFF
telomeres. However, a ChIP assay measures the average
level of protein binding or enrichment of a modification
in a population of cells. Therefore, it was unclear whether
the chromatin fragments with RNAPII binding that are
responsible for gene activity were the same as those
bound by heterochromatin proteins. To address this
problem, we used sequential ChIP to determine whether
RNAPII-bound telomere chromatin fragments were co-
occupied by Rap1 or Sir3. The ON telomere fragments
were first isolated by immunoprecipitation of Flag-tagged
RNAPII using a Flag antibody, after which binding of
Rap1 or Sir3 was measured by sequential ChIP (Fig. 3A).
As shown in Figure 3B, RNAPII binding was low in wild-
type SIR3 but high in Dsir3 control cells, as expected.
Control sequential ChIP reactions with an RNAPII anti-
body or no antibody confirmed that RNAPII-bound chro-
matin fragments were enriched during the initial RNAPII-
Flag ChIP (Fig. 3C,D). Importantly, sequential ChIP of Rap1
and Sir3 showed that these two proteins were indeed bound
to the ON telomere (Fig. 3E,F). Furthermore, consistent
with our ChIP experiments above using medium selection,
we found that H3K79me1 and H3K79me2 are also enriched
at ON telomeres (Fig. 3G,H; Supplemental Fig. S4). We
conclude that RNAPII binding in the ON state is compat-
ible with Rap1 or Sir3 binding.

Fluorescence-activated cell sorting (FACS)-ChIP
verification of the ON and OFF states

The sequential ChIP experiment described above showed
that RNAPII and Rap1, Sir3, or H3K79me co-occupied the
same chromatin fragments in the natural ON state of
TPE. To further confirm this result and rule out the
possibility that the medium-selection approach was

Figure 2. Histone methylation is enriched
at ON telomeres. (A–D) ChIP of H3K79me1/
H3 (A), H3K79me2/H3 (B), H3K4me3/H3 (C),
and H3K36me3/H3 (D) at URA3-TEL07L
depicted as in Figure 1B.
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causing an unexpected artifact, we wished to separate
ON and OFF cells by FACS and compare the chromatin
states of the ON and OFF telomeres using ChIP. To
perform FACS-ChIP, we constructed a strain with a
URA3-GFP fusion gene inserted at TEL07L (Fig. 4A). An
octa-glycine (G8) linker was inserted between Ura3 and
GFP so that GFP would not interfere with Ura3 function
(Sabourin et al. 2007). To make the level of the GFP
protein more accurately reflect the real-time expression
state of the URA3-GFP gene, the half-life of Ura3-G8-GFP
was reduced by attaching the Cln2 PEST domain (PD),
a protein degradation sequence, to the C terminus of GFP
(Xu et al. 2006). Last, to facilitate the visualization of
Ura3-G8-GFP-PD, the fusion protein was concentrated in

the nucleus using a nuclear localization signal (NLS). The
variegated gene expression pattern of URA3-GFP in this
strain was confirmed by fluorescence microscopy in pre-
FACS cells (Fig. 4B). For FACS, exponentially growing
cells were fixed using formaldehyde, and GFP-positive
and GFP-negative cells were separated and confirmed by
microscopy and qRT–PCR (Fig. 4C,D). Approximately
1 million sorted cells were used for ChIP analysis per
protein or histone modification tested. As shown in
Figure 4E, Rap1 bound well at URA3-GFP-TEL07L in
both ON and OFF cells. Importantly, we observed a sig-
nificant amount of Sir3 binding in the ON cells as well as
the OFF cells (Fig. 4F). The slight drop in the absolute
level of Sir3 binding at the ON telomere was likely due to

Figure 3. RNAPII-3Flag sequential ChIP assay confirms the co-occupancy of RNAPII and Rap1, Sir3, or H3K79me. (A) Schematic of
the sequential ChIP approach to isolate ON telomeres. Rpb1, the subunit of the RNAPII complex containing the regulatory C-terminal
domain (CTD), was C-terminally tagged with three tandem repeats of the Flag sequence and cultured in nonselective medium (YPD).
ChIP was performed using an anti-Flag antibody to isolate chromatin fragments with RNAPII binding, including telomere fragments in
the ON state. Probes were as in Figure 1A. (B) ChIP of RNAPII CTD-3Flag at URA3-TEL07L in wild-type (WT) SIR3 RNAPII CTD-3Flag
(purple bars) and Dsir3 RNAPII CTD-3Flag (yellow bars) cells grown in nonselective medium (YPD). A wild-type SIR3 strain without
a 3Flag tag (black bars) was used as a negative control. Data are presented as mean 6 SD. (C–F) Sequential ChIP of RNAPII (C), Rap1 (E),
and Sir3 (F) at URA3-TEL07L depicted as in B. (D) A mock sequential ChIP without an antibody was performed as a negative control.
(G,H) Sequential ChIP of H3K79me1/H3 (G) and H3K79me2/H3 (H) at URA3-TEL07L, depicted as in C–F with the addition of Dsir3

Ddot1 RNAPII CTD-3Flag (white bars), which was used as a control strain that lacks H3K79me.
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the expected decrease in nucleosome density of a tran-
scriptionally active locus, similar to the ChIP results
observed in the medium-selected cells (Supplemental
Fig. S2). Finally, H3K79me1 and H3K79me2 were en-
riched at the ON telomere compared with OFF (Fig.
4G,H). As controls, the binding of Rap1 and Sir3 and
the enrichment of H3K79me1 and H3K79me2 at native
TEL06R, which lacks integrated URA3, are shown in
Figure 4I. We found very little change in any of these
components at native TEL06R in the URA3 ON and OFF
cells. Therefore, our FACS-ChIP data are consistent with

the medium selection ChIP results above showing that
Rap1, Sir3, H3K79me1, and H3K79me2 are enriched at
the ON telomere of URA3-TEL07L.

H3K79me disrupts gene silencing without affecting Sir
complex binding in vitro

The methylation of histones has previously been impli-
cated in disrupting gene silencing (van Leeuwen et al.
2002; Santos-Rosa et al. 2004; Altaf et al. 2007; Fingerman
et al. 2007; Onishi et al. 2007; Tompa and Madhani 2007;

Figure 4. FACS-ChIP of URA3-GFP-TEL07L confirms that the ON and OFF states are differentiated by H3K79me. (A) Schematic of
the FACS approach to isolate ON and OFF cells. URA3 regulated under its native promoter was fused to a G8 linker followed by yeast-
enhanced GFP1, a CLN2 PD, and a NLS from SV40. Probes were ;0.1, 0.5, 0.8, 1.5, and 2.0 kb away from the telomeric repeats of
URA3-G8-GFP-PD-NLS-TEL07L. (B,C) Representative bright-field and fluorescence images of wild-type (WT) SIR3 and Dsir3 cells with
URA3-G8-GFP-PD-NLS-TEL07L along with wild-type SIR3 cells with native TEL07L lacking GFP (negative control) before FACS (B),
and GFP� and GFP+ wild-type SIR3 URA3-G8-GFP-PD-NLS-TEL07L cells after FACS (C). (D) qRT–PCR of URA3 at TEL07L and
YFR057W at native TEL06R in wild-type SIR3 GFP� (gray bars) and GFP+ (green bars) cells and Dsir3 cells (yellow bars) grown in SD.
Data are a representative result of three biological replicates. (E–H) ChIP of Rap1 (E), Sir3 (F), H3K79me1 (G), and H3K79me2 (H) at
URA3-G8-GFP-PD-NLS-TEL07L, depicted as in D. (I) ChIP of Rap1, Sir3, H3K79me1, and H3K79me2 at native TEL06R using a probe
;0.5 kb away from the telomeric repeats, depicted as in D.
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Martino et al. 2009; Verzijlbergen et al. 2009). However,
since histone methylation, particularly H3K4me and
H3K36me, generally correlates with transcription in
yeast (Millar and Grunstein 2006), it was possible that
the enrichment of some of these methylation marks was
merely a consequence of, rather than the cause for, the
ON state of TPE. Therefore, we sought to distinguish the
function of these modifications and test directly whether
they would be sufficient to disrupt Sir complex-mediated
silencing using a yeast in vitro transcription (IVT) system
(Fig. 5A,B).

In this system, we used a DNA template containing
Gal4 DNA-binding sites and a TATA box (Fig. 5; Tantin
et al. 1996). This template was previously shown to be
highly responsive to activator GAL4-VP16 derivatives in
a yeast nuclear extract (Ohashi et al. 1994). We assembled
the template into chromatin using either unmodified
histone octamers or octamers containing H3K4me3,
H3K36me3, or H3K79me2. Methylated histones were
generated using the methyl-lysine analog (MLA) technique
(Simon et al. 2007) and validated by Western blot (Fig. 5C)
and mass spectrometry (data not shown). GAL4-VP16

Figure 5. H3K79me disrupts gene silencing without affecting Sir complex binding in vitro. (A) Schematic of the chromatin template
and protein components involved in the in vitro silencing assay. (B) Outline of the in vitro silencing experiment. (C) Western blot of the
MLA nucleosomes used for chromatin assembly. Anti-H3K4me3, anti-H3K36me3, anti-H3K79me2, and anti-H3 antibodies were used.
(D) Silver-staining gel of the Sir proteins purified from yeast cells overexpressing Sir3-TAP or TAP-Sir4/HA-Sir2. (E) Representative
phosphor screen image of a primer extension assay from the IVT experiment outlined in B. The signal represents the 32P end-labeled
cDNA product generated by primer extension. (F) Quantification of phosphor screen images of the IVT experiments shown in
E. Approximately 26 pmol of Sir3 and 8 pmol each of Sir2 and Sir4 were included in the reaction labeled ‘‘High.’’ Reactions labeled
‘‘Medium’’ and ‘‘Low’’ contained, respectively, one-half and one-fourth the amount of Sir proteins relative to ‘‘High.’’ Data are presented
as mean 6 SD. (G) Representative image of Sir protein binding from the immobilized IVT Western blot experiment. Anti-TAP, anti-HA,
and anti-Gal4 antibodies were used. (H,I) Quantification of the immobilized IVT Western blot experiment shown in G. The binding
levels of Sir3 (H) and Sir2 (I) are presented as mean 6 SD.
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was first prebound to the chromatinized templates, and
purified Sir proteins (Sir2/Sir3/Sir4), sufficient for silenc-
ing in vitro (Johnson et al. 2009), were added to the
reactions. Sir proteins (Sir3-TAP and TAP-Sir4/HA-Sir2)
were purified using a yeast overexpression system de-
scribed previously by Moazed and colleagues (Johnson
et al. 2009) (Fig. 5D). Yeast nuclear extract was added to
the reaction following the binding of Sir proteins to the
chromatinized template along with nucleoside triphos-
phates (NTPs), and transcription was measured by primer
extension. An outline of this in vitro silencing experi-
ment is depicted in Figure 5B.

As shown in Figure 5E, transcription was strongly
dependent on Activator (lanes 1–8) and was reduced by
the addition of Sir proteins to the reaction (lanes 5–12).
However, strikingly, when the chromatin template was
dimethylated at H3K79, silencing was strongly reduced
compared with the template with no modifications (Fig.
5E, lanes 9–12). This effect was specific to H3K79me2, as
neither H3K4me3 nor H3K36me3 was able to disrupt
silencing (Fig. 5E, lanes 9–12). Transcription increased by
approximately twofold to threefold on the H3K79me2
chromatin template compared with the unmodified tem-
plate in the presence of Sir proteins (Fig. 5F). Therefore,
since H3K79me is found at subtelomeric chromatin
selectively in the ON state and its presence on chromatin
is sufficient to disrupt Sir protein-mediated silencing in
vitro, we conclude that H3K79me plays a causal role in
determining the natural epigenetic ON state.

We next sought to assess the amount of Sir protein
binding to the unmodified and H3K79me2 chromatin
templates during IVT. To accomplish this, we performed
an IVT reaction in a manner similar to that used above
but with biotinylated unmodified and H3K79me2 chro-
matin templates immobilized to streptavidin-coated
magnetic beads (Lin and Carey 2012). The amount of
Sir protein binding to the immobilized templates was
determined by Western blot following IVT and washing
(Fig. 5G). Critically, as quantified in Figure 5, H and I,
binding of Sir3 and Sir2 did not differ between the
unmodified and H3K79me2 templates. Similarly, we did
not observe a significant difference in the binding of the
Sir complex to the unmodified and H3K79me2 chromatin
templates when the Sir complex–chromatin interaction
was measured in the absence of Activator or yeast nuclear
extract (Supplemental Fig. S5). We conclude that H3K79me2
can disrupt gene silencing without noticeably affecting
the amount of binding of the Sir complex to nucleosomes
in vitro.

The discrepancy between our results and those of a
previous study in which H3K79me had been shown to
block Sir complex binding to a chromatin template in
vitro (Martino et al. 2009) may be due to differences in
the experimental techniques used. While the previous
study had used electrophoretic mobility shift assays
(EMSAs) to determine the Sir complex–chromatin in-
teraction (Martino et al. 2009), here we used an immo-
bilized chromatin template assay to directly measure
Sir protein binding by Western blot and showed that the
amount of Sir complex bound to chromatin was largely

not affected by H3K79me. In either case, methylation of
H3K79 may disrupt the interaction between Sir3 and the
region surrounding H3K79 (Altaf et al. 2007; Fingerman
et al. 2007). We propose that this disruption alters the
overall conformation of the Sir2/Sir3/Sir4–nucleosome
complex and that this alteration in turn enables the
epigenetic ON state.

Maintenance of H3K79me is dependent
on transcription in the epigenetic ON state

As demonstrated above, the key difference between
ON and OFF telomeres is the enrichment of H3K79me,
which is capable of disrupting gene silencing. We next
addressed how H3K79me is maintained epigenetically
through multiple cell generations at the ON telomere.
Since the H3K79 methyltransferase Dot1 is recruited to
chromatin through transcription (Shahbazian et al. 2005;
Millar and Grunstein 2006), we hypothesized that the
maintenance of H3K79me in the ON state may be
dependent on transcription. To test this possibility, we
asked whether H3K79me at the ON telomere would be
lost upon inhibition of transcription. We monitored the
chromatin state of ADE2-TEL05R, whose ON state could
be selected by growing cells in medium lacking adenine
(SC�ade). As a control, we examined YFR057W at native
TEL06R. Similar to the ON state of URA3-TEL07L, the
ADE2-TEL05R ON state was accompanied by an increase
in H3K79me (Supplemental Fig. S6). After selecting for
ADE2-TEL05R ON by growing cells in SC�ade, we
specifically repressed ADE2 through negative feedback by
adding excess adenine to the medium. This treatment
causes the dissociation of the activator Pho2 from the
promoter of ADE2 (Fig. 6A; Pinson et al. 2009). The same
method cannot be used for repression of URA3-TEL07L,
since adding excess uracil to the medium would be toxic
to the cells (Gadsden et al. 1993). As shown in Figure 6, B
and C, by qRT–PCR and RNAPII ChIP, ADE2 expression
decreased rapidly to near-background level following ade-
nine addition. In a corresponding manner, we found that
H3K79me1 is gradually lost every cell cycle and eventu-
ally drops to near-background level (Fig. 6D; Supplemen-
tal Fig. S6). These results imply that a self-reinforcing
feedback loop in which H3K79me both results from and
is causal for transcription maintains the epigenetic ON
state of TPE.

Discussion

The mechanism of heterochromatin spreading and gene
silencing at the telomeres of Saccharomyces cerevisiae
has been characterized extensively (Rusche et al. 2003;
Mondoux and Zakian 2006). However, how variegated
gene expression occurs at telomeres has been unclear. To
address this problem, we separated the natural ON and
OFF cells from a population of yeast undergoing TPE and
directly compared the chromatin structure of the natural
ON state with that of the OFF state. This is unlike
previous studies in which mixed ON and OFF telomeres
were compared with the disrupted telomeres of sir

Kitada et al.

2450 GENES & DEVELOPMENT



mutant strains, which made it impossible to character-
ize the natural ON state (Rusche et al. 2003). Our
findings indicate that (1) the natural ON telomere is
characterized by Sir complex binding to nucleosomes; (2)
histone H4K16 is deacetylated at the ON telomere, which
is consistent with the spreading of Sir3 through telomeric
heterochromatin by its interaction with deacetylated
H4K16; (3) H3K79 is methylated in the natural ON state
and can disrupt silencing without affecting Sir complex
binding in vitro; and (4) maintenance of H3K79me is
dependent on a transcription-mediated positive feedback
loop. Our results suggest that, since the ON telomere is
characterized by Sir3 binding and H4K16 hypoacetyla-
tion, two factors that are normally associated with
silencing, other factors must determine the ON state.
We show that H3K79me is such a factor. This is in
contrast to previous studies, which proposed that the
variation in Sir complex binding to nucleosomes regu-
lates TPE (Ng et al. 2003; Moazed 2011).

The deacetylation of H4K16, a major requirement of
heterochromatin formation, in the ON state is of special
interest. It argues that H4K16ac is not the determinant of
epigenetic variegation. Thus, our study differentiates the
function of two key histone modification marks at hetero-
chromatin, where H4K16 deacetylation determines the
distance of heterochromatin protein spreading from the
telomere by virtue of its interaction with Sir3 (Johnson
et al. 1990, 2009; Kimura et al. 2002; Suka et al. 2002; Liou
et al. 2005; Onishi et al. 2007), and H3K79me regulates the
actual ON/OFF expression state of a subtelomeric gene.

It had been proposed previously that H3K79me may
disrupt the binding of the Sir complex to nucleosomes

based on pull-down assays that measured the binding of
the Sir3 protein to a peptide containing the H3K79 region
(Altaf et al. 2007; Fingerman et al. 2007). Subsequently, it
had been shown that binding of the whole Sir complex to
a trinucleosomal chromatin template is also affected by
H3K79me using a gel shift assay (Martino et al. 2009).
However, we showed in vivo by ChIP and in vitro using
an immobilized template assay in the presence of yeast
nuclear extract that the overall binding level of the Sir
proteins to the nucleosome was not significantly disrupted
by H3K79me. Therefore, we favor instead a model in
which the methylation-dependent loss of the Sir3–H3K79
interaction leads to a conformational change in the struc-
ture of the Sir protein–nucleosome complex, which results
in disrupted gene silencing.

H3K79me and its methyltransferase, Dot1, are con-
served in many organisms, including fruit flies, mice, and
humans (Nguyen and Zhang 2011). It has been shown
that mutations in the fruit fly DOT1 homolog grappa
disrupts Polycomb group-mediated silencing as well as
telomeric silencing in flies (Shanower et al. 2005). Simi-
larly, knockout of the mouse DOT1 homolog Dot1L leads
to the loss of heterochromatin-associated marks such as
H3K9me from centromeric and telomeric heterochroma-
tin in mouse embryonic stem (ES) cells (Jones et al. 2008).
Thus, H3K79me and Dot1 are relevant to gene silencing
and heterochromatin formation in organisms other than
the budding yeast.

In contrast, there are no homologs of Dot1 or detectable
levels of H3K79me in the fission yeast Schizosaccharomyces
pombe (Sinha et al. 2010). Thus, while gene expression at
the heterochromatin of S. pombe is also known to be

Figure 6. Maintenance of H3K79me at the ON telomere depends on transcription. (A) Schematic of the ADE2 feedback repression
experiment to monitor the level of histone methylation after inhibition of transcription. The ADE2 ORF middle and ORF start probes
are ;1.0 and 2.0 kb away, respectively, from the telomeric repeats of ADE2-TEL05R. (B) qRT–PCR of ADE2 at TEL05R (red lines) and
YFR057W at native TEL06R (blue lines) before and after the addition of adenine. A culture continuously grown in the presence of excess
adenine (>30 generations) was used as an OFF control. Data are presented as mean 6 SD. (C,D) ChIP of RNAPII (C) and H3K79me1/H3
(D) at ADE2-TEL05R and native TEL06R using the cultures described in B. The ADE2 ORF middle (red lines) and ORF start (orange
lines) probes were as described in A. The native TEL06R (blue lines) probe is ;1.5 kb away from the telomeric repeats. Data are
presented as mean 6 SD.
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regulated epigenetically, the mechanism inevitably can-
not involve H3K79me. Allshire and colleagues (Ekwall
et al. 1997) have shown that transient treatment of
S. pombe cells with an HDAC inhibitor leads to a herita-
ble hyperacetylated chromatin state accompanied by the
loss of gene silencing at centromeric heterochromatin.
Likewise, Grewal and colleagues (Nakayama et al. 2000)
have shown that expression of a gene at the partially
compromised centromeric heterochromatin of S. pombe
is associated with hyperacetylation and lack of hetero-
chromatin protein Swi6/HP1 binding. The epigenetic
inheritance of gene expression in these studies could be
explained by a positive feedback loop involving histone
acetylation and lack of heterochromatin-binding proteins.
This is in stark contrast to our findings at the telomeric
heterochromatin of S. cerevisiae, which show that nei-
ther H4K16ac nor binding of heterochromatin proteins is
a key regulator of gene variegation.

Instead, a positive feedback loop mediated by transcrip-
tion and H3K79me is at the heart of our model regarding
the mechanism of epigenetic variegation at S. cerevisiae
telomeres, as described below (Fig. 7). In this model, the
ON state is characterized by H3K79me. The mainte-
nance of H3K79me is dependent on transcription, which
had previously been shown to recruit the histone H3
Lys79 methyltransferase Dot1 (Shahbazian et al. 2005).
H3K79me in turn disrupts the local interaction between
Sir3 and the H3 core region surrounding Lys79 (Altaf et al.
2007; Fingerman et al. 2007). However, in contrast to
previous models, the Sir complex as a whole can still
spread along the subtelomere through its interaction with
deacetylated H4K16. In this structure, the methylation of
H3K79 enables PIC assembly and transcription, possibly
by inducing a conformational change in the Sir protein–
nucleosome complex, thus promoting a positive feedback
loop. The possible absence of an H3K79 histone demeth-
ylase (Liang et al. 2007) may further enhance the stability
of this continuous ON state. In contrast, the absence of
transcription in the OFF state precludes Dot1 recruit-
ment and ensures H3K79 hypomethylation. It had pre-
viously been shown that Sir3 binding to nucleosomes can
prevent Dot1 from methylating chromatin (Altaf et al.
2007; Fingerman et al. 2007). Therefore, the lack of Dot1

recruitment and the prevention of Dot1 access to the
H3K79 residue help establish a stable OFF state.

How is it then possible for a gene in one expression state
to escape these feedback loops and convert to the other
state? One possibility may be that changes in the length
of telomeres (elongation/shortening) lead to the inter-
conversion of epigenetic expression states. Previous stud-
ies from Lustig and colleagues (Kyrion et al. 1993; Park and
Lustig 2000) have shown that elongated telomeres are
associated with stronger subtelomeric gene silencing.
Since the length of telomeres naturally fluctuates within
a cell (Shore and Bianchi 2009), some telomeres may
become abnormally shortened, and this may lead to
a compromised heterochromatin structure susceptible
to transcription. In contrast, abnormal lengthening may
cause a structural change at an ON telomere that can
overcome the anti-silencing effect of H3K79me and
dampen gene expression until methylation is passively
lost. In any case, whether the natural variation in telo-
mere length is sufficient to induce epigenetic switching
is still unknown. Changes in H3K79me are shown here
to regulate the maintenance of the variegated ON/OFF
expression states at telomeric heterochromatin. How-
ever, the rare transient upstream events that initiate
switching between the ON and OFF states remain to be
observed and determined.

Materials and methods

Yeast strains, plasmids, and oligonucleotide probes

Yeast strains, plasmids, and oligonucleotide probes used in this
study are listed in the Supplemental Material. Plasmid and PCR
product-based genetic manipulations were performed using
standard yeast transformation techniques (Gietz and Woods
2002). Full details are provided in the Supplemental Material.

Protein purification

Xenopus laevis histones and histone mutants (H3, H3C110AK4C,
H3C110AK36C, H3C110AK79C, H4, H2A, and H2B) were
purified as described previously (Luger et al. 1997). GAL4-VP16
was purified as described previously (Tantin et al. 1996). Sir
proteins were purified as described previously (Tanny et al. 2004;
Johnson et al. 2009) with some modifications to the protocol.
Full details are provided in the Supplemental Material.

MLA histone preparation

H3K4me3, H3K36me3, and H3K79me2 MLA histones were gen-
erated from H3C110AK4C, H3C110AK36C, and H3C110AK79C
histone mutants, respectively, as described previously (Simon
et al. 2007).

qRT–PCR

RNA was extracted using the hot acid phenol extraction method
(Bookout et al. 2006). The extracted RNA samples were treated
with DNase I (Qiagen), purified, and reverse-transcribed using
random primers and M-MLV reverse transcriptase (Invitrogen).
qPCR was performed and analyzed using the DDCt method
(Bookout et al. 2006). Full details are provided in the Supple-
mental Material.

Figure 7. Model to explain the variegated gene expression
pattern of TPE. See the text for details.
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Western blot

Western blot assays were performed using the ODYSSEY in-
frared imaging system (LI-COR) following the manufacturer’s
protocol. Full details are provided in the Supplemental Material.

ChIP

Standard ChIP assays were performed as described previously
(Hecht et al. 1996; Suka et al. 2001) with minor modifications to
the protocol. Full details are provided in the Supplemental Material.

Sequential ChIP

Sequential ChIP was performed as described elsewhere (Kao
et al. 2004) with minor modifications to the protocol. Briefly,
chromatin lysate was immunoprecipitated overnight with anti-
Flag M2 agarose beads (Sigma-Aldrich). The agarose beads were
washed, and the chromatin fragments were eluted off the beads
with 3x Flag peptide (Sigma-Aldrich). Part of the eluate was
saved and used as the input control DNA for the second
(sequential) ChIP. Sequential ChIP assays were performed using
the same protocol as standard ChIP. Full details are provided in
the Supplemental Material.

FACS-ChIP

FACS was performed using BD FACSAria II (BD Biosciences)
according to the manufacturer’s manual. Full details are pro-
vided in the Supplemental Material.

IVT/silencing

IVT was performed as described previously (Lin and Carey 2012)
with minor modifications to the protocol. The DNA template
containing five Gal4 DNA-binding sites and an adenovirus E4 pro-
moter (G5E4T) (Tantin et al. 1996) was assembled into chromatin
by salt dilution as described previously (Steger et al. 1997). Fol-
lowing prebinding of GAL4-VP16 to the template, Sir proteins
were added to the IVT reaction. Yeast nuclear extract, prepared as
described previously (Rani et al. 2004), was added to the reaction,
and primer extension was performed to measure the amount
of transcription. Full details are provided in the Supplemental
Material.

Immobilized chromatin template

The immobilized chromatin template assays were performed
essentially as described previously (Lin and Carey 2012) with some
modifications to the protocol. Buffer conditions and DNA/protein
components were as described above for the IVT/silencing exper-
iments except that GAL4-VP4, a variant of GAL4-VP16 containing
four tandem repeats of the activation domain, was used (Ohashi
et al. 1994). We confirmed that the results of the IVT/silencing
experiments described above were reproducible when GAL4-VP4
was substituted for GAL4-VP16 in the reaction (data not shown).
Briefly, biotinylated chromatin templates were immobilized on
M280 streptavidin beads, and IVT reactions were incubated by
rotation. The beads were washed twice with reaction buffer and
eluted with Laemmli buffer. Western blot was performed as
described above and quantified using ImageQuant TL software.
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