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Methylation of lysine-79 (K79) within the globular domain of
histone H3 by Dot1 methylase is important for transcriptional
silencing and for association of the Sir silencing proteins in yeast.
Here, we show that the level of H3-K79 methylation is low at all
Sir-dependent silenced loci but not at other transcriptionally repressed regions. Hypomethylation of H3-K79 at the telomeric and
silent mating-type loci, but not the ribosomal DNA, requires the Sir
proteins. Overexpression of Sir3 concomitantly extends the domain of Sir protein association and H3-K79 hypomethylation at
telomeres. In mammalian cells, H3-K79 methylation is found at loci
that are active for V(D)J recombination, but not at recombinationally inactive loci that are heterochromatic. These results suggest
that H3-K79 methylation is an evolutionarily conserved marker of
active chromatin regions, and that silencing proteins block the
ability of Dot1 to methylate histone H3. Further, they suggest that
Sir proteins preferentially bind chromatin with hypomethylated
H3-K79 and then block H3-K79 methylation. This positive feedback
loop, and the reverse loop in which H3-K79 methylation weakens
Sir protein association and leads to further methylation, suggests
a model for position-effect variegation.

I

n eukaryotic cells, DNA is packaged along with histones and
other nuclear proteins to form chromatin. Cytologically, chromatin can be broadly classified into condensed heterochromatin
and decondensed euchromatin (1–4). In general, heterochromatin is associated with repetitive elements at telomeric and
pericentric chromosomal regions, contains few genes, and replicates late in S phase. However, certain chromosomal regions
can be either heterochromatic or euchromatic, depending on
developmental or environmental conditions.
Heterochromatin in divergent animal species (3, 4) and the
fission yeast Schizosaccharomyces pombe (5) has a characteristic
pattern of histone modifications, in which the N-terminal histone
tails are virtually nonacetylated and lysine-9 (K9) of histone H3
is methylated. Specific nonhistone proteins (e.g., HP1) associate
with nucleosomes in which histone H3 is methylated at lysine-9,
thereby providing a physical difference between heterochromatin and euchromatin. In the budding yeast Saccharomyces cerevisiae, telomeric, silent mating-type (HM), and ribosomal DNA
(rDNA) loci are considered to be heterochromatic (2, 3). These
heterochromatic loci have histones that are essentially nonacetylated (6, 7) but are atypical in that histone H3-K9 is not
methylated and proteins such as HP1 do not exist.
In general, DNA in heterochromatin is relatively inaccessible
to enzymatic probes and is inert for transcription and recombination, whereas euchromatic DNA is accessible and active for
these processes. In Drosophila, translocation of euchromatic
genes or integration of reporter genes next to heterochromatin
results in variegated expression, a phenomenon in which genetically identical cells stochastically express or repress the gene in
a heritable manner (1). Like position-effect variegation in
Drosophila, genes inserted into S. cerevisiae (8) and S. pombe (9)
heterochromatic regions are transcriptionally silenced. These
resulting epigenetic on or off states can be transmitted through
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many cell divisions, although they are metastable and can be
switched at low frequency.
Sir (silent information regulator) proteins are required for heterochromatic silencing in S. cerevisiae. Sir2, Sir3, and Sir4 associate
with and are required for silencing of telomeric and HM loci
(10–12), whereas rDNA silencing is mediated by the RENT
complex, which contains Sir2 but not Sir3 or Sir4 (13, 14). At
telomeres, the DNA-binding protein Rap1 recruits a Sir2–Sir4
complex, perhaps through an interaction with Sir4 (12, 15, 16),
whereupon interactions among Sir3, Sir4, and histones H3 and H4
tails result in spreading of the heterochromatic region away from
the telomeres (10, 11). Overexpression of Sir3 increases the size of
the heterochromatin region and consequently causes silencing at
greater distances from the telomeres (11). Sir2, the key silencing
protein at all heterochromatic loci, is a NAD-dependent histone
deacetylase (17–20) that is likely to maintain the very low level of
histone acetylation that is a hallmark of silenced loci.
In addition to the large number of modifications on histone tails,
the globular domain of histone H3 is methylated at lysine-79 (K79)
in a wide variety of eukaryotic species (21, 22). In S. cerevisiae,
H3-K79 methylation is exclusively mediated by Dot1, a histone
methylase that lacks a SET domain (21–23), and a human Dot1
homolog carries out the same enzymatic function (24). Dot1
methylates H3-K79 only in the context of intact nucleosomes
(21–23), and Dot1-mediated methylation of H3-K79 in vivo strongly
depends on Rad6-dependent ubiquitination of histone H2B at
lysine-123 (25, 26). Thus, the ability of Dot1 to methylate histone
H3-K79 is strongly influenced by nucleosomal structure.
Dot1-mediated methylation of H3-K79 plays an important role in
heterochromatic silencing. Deletion or overexpression of Dot1
affects both telomeric and HM silencing, whereas rDNA silencing
is affected only by Dot1 overexpression (27). Mutations of histone
H3-K79 or mutations that abolish Dot1 catalytic activity impair
telomeric and HM silencing (21, 22). Furthermore, Dot1dependent methylation and H3-K79 itself are important for Sir
protein association at telomeres, with the effects being more
dramatic at telomere-distal regions than at telomere-proximal
regions. Sir protein association with telomeric regions is affected
more strongly in strains with a mutated H3-K79 than in strains
lacking Dot1 methylase (21, 22). Opposing models suggest that Sir
proteins prefer to associate H3-K79 that is methylated (21) or
unmethylated (22), the latter model being supported by the high
level of H3-K79 methylation in bulk chromatin (22). However, the
precise role of H3-K79 methylation in heterochromatic silencing
remains unclear, because silencing is impaired after either loss or
overexpression of Dot1, and because H3-K79 methylation patterns
in vivo have yet to be described. In addition, it is unknown whether
H3-K79 methylation patterns are conserved among eukaryotic
species.
Abbreviations: HM, mating type; rDNA, ribosomal DNA; IgH, Ig heavy chain; TCR, T cell
receptor.
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Here, we examine the distribution of H3-K79 methylation in both
S. cerevisiae and mammalian cells. Our results indicate that H3-K79
methylation is a hallmark of euchromatin. Further, they suggest that
Sir proteins maintain an epigenetic, silenced state by preferentially
binding chromatin containing undermethylated H3-K79 and then
blocking H3-K79 methylation. We propose a model for positioneffect variegation involving reciprocal positive-feedback loops involving histone methylation and Sir protein association.
Materials and Methods
Yeast Strains and Plasmids. The plasmid expressing the Myc-

tagged histone H4 (28) was kindly provided by M. Nomura
(University of California, Irvine), and it was shuffled into yeast
strain UCC1111 (21). The yeast strain containing Flag-H2B as
the sole copy of histone H2b has been described (26). Derivatives
of UC1111 containing sir2::KanR, sir3::KanR, sir4::KanR, and
dot1::KanR deletion alleles were generated by PCR-based gene
replacement of the wild-type loci (29). DMY1864 (sir2::HIS3,
pSIR2-LEU2), DMY1865 (sir2::HIS3, pRS315), DMY1866
(sir2::HIS3, pSIR2-H364Y-LEU2), DMY1867 (sir2::HIS3,
pSIR2-G262A-LEU2), DMY1928 (HHT2 HHF2, CEN), and
DMY1503 (HHT2 hhf2-K16Q, CEN) were kind gifts from D.
Moazed (15). For Sir3 overexpression experiments, plasmids
pKAN63 (SIR3, 2〉, LEU2) and pJR104 (SIR3, 2, URA3),
which were obtained from D. Gross (Louisiana State University,
Shreveport), and control 2  plasmids YCplac181 and
YCplac195, were introduced into strain FT4 (30).
RAG2⫺/⫺

RAG1⫺/⫺

p53⫺/⫺

pro-B cell line (31) and a
pro-T cell
line (32). These cell lines are maintained in RPMI medium 1640,
supplemented with 20% FCS and 50 M 2-mercaptoethanol.

Chromatin Immunoprecipitation. Chromatin immunoprecipitation

in yeast cells was performed essentially as described (30).
Crosslinked chromatin was immunoprecipitated with 2 l of
antibody that specifically recognized a region of dimethylated
H3-K79 (21, 24), 2 l of antibody that was generated against an
H4 peptide acetylated at positions 5, 8, 12, and 16 (Upstate
Biotechnology, Lake Placid, NY), or 1 l of affinity-purified
anti-Sir3 antibody (kindly provided by D. Moazed). Chromatin
immunoprecipitation in mammalian cells was carried out¶ by
using 5 l of the antibody against dimethylated H3-K79. For all
experiments, quantitative PCR analyses were performed in real
time as described (34, ¶). The data are presented in arbitrary
units that are directly related to the apparent immunoprecipitation efficiency (i.e., the amount of material immunoprecipitated relative to that of the input sample); the error for independent determinations is ⫾20%.
Results
H3-K79 Is Hypomethylated at All Silenced Loci in S. cerevisiae. We
determined the levels of H3-K79 methylation at a variety of
genomic loci by chromatin immunoprecipitation. We arbitrarily
defined the level of H3-K79 methylation to be 1.0 at two
intergenic regions (I and VIII) lacking ORFs. A variety of
intergenic and protein-coding regions located 5–20 kb away from
the right end of chromosome VI (regions E–L) show comparable
levels of H3-K79 methylation (Fig. 1A; values range from 0.8 to
1.5 except for region L, which is 2.5). In contrast, the levels of
H3-K79 methylation at four regions (A–D) less than 2.5 kb from
the telomeric end are ⬇10-fold lower (Fig. 1 A). The domain of
low H3-K79 methylation corresponds well to the domain of
heterochromatin, as defined by telomeric repression (8),
inaccessibility to enzymatic probes (35), and Sir protein associ-
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Fig. 1. H3-K79 methylation is low at heterochromatic loci. (A) Relative levels of
H3-K79 methylation at regions (A–L) at the indicated positions (drawn to scale)
with respect to the telomeres and linked genes on chromosome VI. ORF-free
regions on chromosomes I and VIII serve as controls and were arbitrarily defined
as having H3-K79 levels of 1.0. (B) H3-K79 methylation in wild-type, dot1, and
H3-K79 mutant strains at the indicated regions from the telomere of chromosome VI; note difference in scale. (C) H3-K79 methylation at the indicated regions
of HMRa, HMRE, and rDNA loci, along with the ORF-free region controls.

ation (11). Methylation of H3-K79 at the telomere, although
10-fold lower than other genomic regions, is 8- to 10-fold above
that observed in dot1 or H3-K79A mutant strains, which represents the experimental background (Fig. 1B). In addition to the
telomeric regions, six positions within the silent HMRa locus and
three positions within the rDNA locus are hypomethylated at
H3-K79, with values ranging from 0.1 to 0.2 (Fig. 1C). Thus, all
silenced loci are hypomethylated at H3-K79.
Hypomethylation of H3-K79 Is Associated with Heterochromatic Regions, Not Transcriptional Repression or Histone Deacetylation. To

address directly whether hypomethylation of H3-K79 is specifically
associated with Sir-mediated heterochromatin, we analyzed well
characterized regions of the yeast genome that are transcriptionally
active, inactive, or repressed. At the highly expressed RPL2B and
PYK1 genes, protein-coding regions show typical methylated H3K79 levels, whereas promoter regions show slightly reduced levels
(0.4–0.5; Fig. 2A). However, chromatin immunoprecipitation experiments in strains containing Myc-tagged H4 (Fig. 2 A) or Flagtagged histone H2B (data not shown) show that the RPL2B and
PYK1 promoter regions have 2- to 3-fold lower levels of histone
occupancy. After normalizing to levels of histone occupancy,
promoter and protein-coding regions of these active genes have
very similar levels of H3-K79 methylation.
We also examined H3-K79 methylation at TSL1, an ethanolinduced gene that is inactive in glucose medium, at the SUC2
promoter, which is repressed by the Cyc8-Tup1 corepressor
complex, and at three promoters repressed by targeted recruitment of the Rpd3 histone deacetylase complex (INO1, IME2,
and SPO11). Owing to the targeted recruitment of the Rpd3
complex, histone acetylation levels at the INO1, IME2, and
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Mouse Cell Lines. Two different mouse cell lines were analyzed, a

Fig. 3. Hypomethylation of H3-K79 at the telomeric and HM, but not rDNA,
loci depends on Sir proteins and Sir2 histone deacetylase activity. H3-K79
methylation at the indicated regions (see Fig. 1) in wild-type and sir mutant
strains for telomeric (A), HM (regions 1, 3, 4, and 6) (B), and rDNA (C) loci.

Fig. 2. H3-K79 methylation occurs at comparable levels at many nonheterochromatic loci, including those that are transcriptionally repressed and contain deacetylated histones. (A) Relative levels of H3-K79 methylation (black
bars) and Myc-tagged histone H4 (gray bars) at the indicated positions of
active and control loci. (B) H3-K79 methylation at the indicated genomic
regions of inactive or repressed genes.

SPO11 promoters are extremely low and roughly comparable to
those observed at silenced loci (7, 36, 37). The SUC2 promoter
shows reduced levels of H3, but not H4, acetylation (37, 38). In
all these cases, levels of methylated H3-K79 are comparable to
those of transcriptionally active or randomly chosen loci (Fig.
2B). Thus, transcriptional repression and histone deacetylation
are not sufficient to cause hypomethylation of H3-K79, and such
hypomethylation is restricted to heterochromatic loci.
Sir Proteins Are Important for Hypomethylation of H3-K79 at Telomeres and Silent Mating-Type Loci but Not at the rDNA Locus. The

restriction of H3-K79 hypomethylation to heterochromatic loci
strongly implicates Sir silencing proteins as playing an important
role. Loss of Sir2, Sir3, or Sir4 results in a 3- to 4-fold increase in
H3-K79 methylation at telomeric regions (Fig. 3A) and a 2.5- to
10-fold increase at different regions within the HMRa locus (Fig.
3B). The same effect is observed in strains containing the G262A
or H364Y derivatives of Sir2 (Fig. 3A), which abolish the NADdependent histone deacetylase activity and strongly reduce Sir
protein association at telomeres (15, 39). However, at the four
telomeric and at two of the four HMRa regions examined, the level
of H3-K79 methylation in sir mutant strains is 2- to 3-fold below that
observed at typical genomic regions. This partial Sir dependence of
H3-K79 hypomethylation seems to be related to sequences (and
hence associated proteins) that recruit the Sir complex to the
silenced loci. The HMRa regions (a1兾2 and a2) showing complete
Sir dependence of H3-K79 methylation are not involved in Sir
protein recruitment, whereas the HMRa regions (E and I) showing
partial Sir dependence are critical for Sir protein recruitment.
Similarly, telomeric region D has a higher level of H3-K79 meth1822 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0437846100

ylation than regions A–C in a sir2 mutant strain, presumably
because it located further from the Rap1 sites at the telomeres. We
imagine that proteins involved in Sir recruitment might be responsible for the modest Sir-independent reduction of H3-K79 methylation. In this regard, Dot1 and H3-K79 are more important for Sir
protein association at telomere-distal sequences than at telomereproximal sequences (21, 22). Taken together, these results indicate
that the Sir proteins are important but not completely sufficient for
hypomethylation of H3-K79 at telomeric and silent mating-type
loci.
At the rDNA loci (Fig. 3C), H3-K79 methylation is unaffected
by loss of Sir3 or Sir4, a result expected from the fact that Sir3
and Sir4 associate weakly with rDNA and are not required for
rDNA silencing. Loss of Sir2 increases H3-K79 methylation
⬇2-fold at the 25S and spacer (NTS) regions but does not affect
H3-K79 methylation at the 5S region. However, even in the
affected regions of rDNA, H3-K79 methylation is significantly
below the level at most genomic regions, even though Sir2 is
required for rDNA silencing. Although the possibility is untested, we suspect that non-Sir2 components of the RENT
complex (Net1 and兾or Cdc14) that is required for rDNA silencing are largely responsible for H3-K79 hypomethylation at the
rDNA locus. In this regard, Sir2 does not affect H3-K4 methylation at the rDNA locus (40).
Interplay Between H4-K16 Acetylation and H3-K79 Methylation by
Means of Their Effects on Sir Protein Association. Sir2 preferentially

deacetylates the histone H4 tail at lysine-16 in vitro (17, 20),
and strains containing the K16Q derivative of H4 are defective
for heterochromatic silencing and Sir protein association (11, 15,
16). Similarly, loss of Dot1 and mutations of H3-K79 impair
telomeric silencing and Sir protein association (21, 22). We therefore investigated the relationship between H4 acetylation and
H3-K79 methylation at the telomere.
In strains containing the H4-K16Q derivative as the sole
source of histone H4, telomeric loci show increased H3-K79
methylation to a roughly comparable extent as observed after
Ng et al.

Fig. 5. Overexpression of Sir3 concomitantly extends the telomeric domain
of Sir3 and H3-K79 hypomethylation. (A) H3-K79 methylation at the indicated
telomeric and control positions (see Fig. 1) in wild-type (white bars) and
Sir3-overexpressed (black bars) strains. (B) Relative levels of Sir3 in wild-type
(white bars) and Sir3-overexpressed (black bars) strains.

loss of Sir2 (Fig. 4A). Conversely, dot1 and H3-K79 mutant
strains have increased histone H4 acetylation at telomeres (Fig.
4B; the antibody was made against tetraacetylated H4 and hence
measures overall H4 acetylation, not H4-K16 acetylation specifically). As expected from previous results on Sir protein
occupancy (21, 22), the effect of the dot1 deletion is less
pronounced than that of the H3-K79A mutation. Thus, H3-K79
methylation is important for deacetylation of H4, and H4-K16
acetylation is important for methylation of H3-K79. Presumably,
these antagonistic effects are a consequence of both histone
modifications on Sir protein association.
Sir3 Overexpression Extends the Telomeric Domain of Sir Protein
Association and H3-K79 Hypomethylation. The heterochromatic

domain at the telomeric region can be extended by overexpression of Sir3 (11, 12). We addressed whether such an extended
heterochromatic domain would also affect the domain of H3K79 hypomethylation (Fig. 5). As expected, Sir3 association with
sequences 5–7 kb from the chromosomal end (fragments E and
F) occurs in Sir3-overexpressed strains but not in wild-type
strains. Interestingly, these same genomic regions show reduced
H3-K79 methylation after Sir3 overexpression. Reduced H3-K79
methylation is not observed at telomere-proximal locations
(which are heterochromatic even in wild-type strains) or at
regions beyond the extended heterochromatin (as determined by
Sir3 occupancy). Thus, Sir3 (and presumably heterochromatic)
spreading from the telomere concomitantly results in the spreading of the domain of H3-K79 hypomethylation.

H3-K79 Methylation Is Associated with Active Chromatin Regions in
Mammalian Cells. We examined the pattern of H3-K79 methylation

in mammalian cells at loci that are poised to undergo V(D)J
recombination, the process by which antigen receptor genes are
Ng et al.

Discussion
H3-K79 Methylation Is a Marker of Euchromatin in Yeast and Mammalian Cells. Although euchromatic and heterochromatic regions

of eukaryotic genomes were initially defined by cytological
criteria, they can also be defined by their patterns of histone
modifications, by accessibility of DNA to enzymatic probes, and
by functional properties with respect to transcription and recombination (3, 4). The genome of S. cerevisiae is generally
euchromatic, although telomeric, HM, and rDNA regions that
are silenced by the Sir proteins are considered to be heterochromatic (2, 3). In S. pombe and mammalian cells, heterochromatin is characterized by low levels of histone acetylation, high
levels of H3-K9 methylation, and the presence of nonhistone
proteins such as HP1 that recognize methylated K9 (3, 4).
Although euchromatin and heterochromatin represent general
classes, rather than precise states, of chromatin structure, the
distinction is useful.
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Fig. 4. Interplay between H4-K16 acetylation and H3-K79 methylation.
(A) H3-K79 methylation at the indicated telomeric regions (see Fig. 1) in
wild-type (white bars) and H4-K16Q mutant (gray bars) strains. (B) H4 acetylation (lysines 5, 8, 12, and 16) at the indicated telomeric regions in wild-type
(white bars), dot1 (gray bars), and H3-K79 (black bars) mutant strains.

assembled (41), in a developmentally regulated manner. Specifically, we examined V, D, and J segments at the Ig heavy chain (IgH)
and T cell receptor (TCR␤) loci in immortalized pro-B and pro-T
cell lines that are developmentally arrested just before the first stage
of rearrangement. In pro-B cell lines, D and J segments at the IgH
locus are poised to undergo recombination, whereas the Ig VH
segments and the TCR␤ locus are not. Conversely, D and J
segments of the TCR␤ locus are recombinationally active in pro-T
cell lines, whereas Ig segments are not. Detailed analysis indicates
that recombinationally active loci contain high levels of acetylated
histone H3 and Brg1, the catalytic subunit of the Swi兾Snf
nucleosome-remodeling complex.¶ In contrast, recombinationally
inert loci show significant levels of histone H3-K9 methylation.¶
Thus, the active and inactive loci have properties consistent with
euchromatin and heterochromatin, respectively.
As shown in Fig. 6, high levels of H3-K79 methylation are found
exclusively at recombinationally active segments. Conversely, low
levels of H3-K79 methylation are found at recombinationally
inactive segments. Thus, H3-K79 methylation of Ig and TCR loci
depends on the developmental status, and it tracks with euchromatic structure. It should be noted that the regions of euchromatin
and heterochromatin at the Ig and TCR loci are large, spanning
200–300 kb, which is roughly the size of the smallest S. cerevisiae
chromosome.

the context of nucleosomes (21–24). In vivo, Dot1 methylation of
H3-K79 strongly depends on ubiquitination of H2B-K123 (25,
26), possibly because these two lysine residues on different
histones lie in close proximity in the nucleosomal context (26).
The relatively constant levels of H3-K79 methylation levels
throughout the yeast genome suggest that Dot1 functions in a
nontargeted manner to methylate H3-K79 at nucleosomes that
have a typical structure. Further, we suggest that nucleosomes
containing Sir proteins are poor substrates for Dot1, presumably
because the Sir proteins block (directly or indirectly) the nucleosome surface recognized by Dot1. Although the basis of
H3-K79 hypomethylation in mammalian cells is unknown, we
presume that silencing proteins (e.g., HP1 and Sir protein
homologs) create a specialized heterochromatin structure that is
refractory to H3-K79 methylation by Dot1 homologs.

Fig. 6. H3-K79 methylation localizes to active gene segments and correlates
with H3 acetylation at IgH and TCR␤ loci. H3-K79 methylation (foldenrichment in the immunoprecipitated samples relative to the input) at V, D,
J, C (constant), and E (enhancer) regions of the IgH and TCR␤ loci, and at CAD,
a ubiquitously expressed gene involved in pyrimidine biosynthesis. The gene
segments are arranged in 5⬘ to 3⬘ orientation as they appear at the endogenous IgH (VH15, VH81X, DQ52, JH1, JH4, E, and C␥3) and TCR␤ (V␤10, D␤1,
J␤1.2, J␤1.5, C␤1, E␤, and V␤14).

Methylation of H3-K79 is found in a wide range of eukaryotic
species, and Dot1 is conserved between S. cerevisiae and human
(21, 24). Here, we show that the genomic pattern of H3-K79
methylation is remarkably similar in yeast and mouse cells. At
the mouse IgH and TCR␤ loci, methylated H3-K79 is associated
with recombinationally active regions that have high levels of
acetylated H3 and Brg1 and low levels of methylated H3-K9. In
contrast, recombinationally silent regions that have high levels of
H3-K9 methylation characteristic of heterochromatin are essentially unmethylated at H3-K79. In S. cerevisiae, H3-K79 methylation occurs at a relatively constant level over many types of
genomic regions. However, H3-K79 methylation occurs at a very
low but still detectable level at all heterochromatic loci that are
silenced by the Sir proteins. Mass spectrometric analysis indicates that 10% of yeast histone H3 is nonmethylated at K79 (22),
and it has been estimated that 7–10% of the yeast genome is
heterochromatic (42) and associated with Sir proteins (43).
These results are consistent with our finding that H3-K79
hypomethylation is restricted to silenced, heterochromatic regions in S. cerevisiae. Thus, in both yeast and mouse, H3-K79
methylation is associated with euchromatin and restricted from
heterochromatin.
In S. cerevisiae, hypomethylation of H3-K79 is not simply a
consequence of transcriptional repression but rather is restricted to
heterochromatin. First, transcriptionally repressed loci, including
those that contain very low levels of histone acetylation (e.g., INO1,
IME2, and SPO11), show normal levels of H3-K79 methylation.
Thus, even though histones within the silenced telomeric, HM, and
rDNA regions are essentially deacetylated, histone deacetylation
per se is not sufficient for H3-K79 hypomethylation. Second, all
mutations tested that decrease Sir protein association and hence
disrupt repressive heterochromatin lead to increased levels of
H3-K79 methylation. Third, creation of extended telomeric heterochromatin by overexpression of Sir3 results in a corresponding
extension of the domain of H3-K79 hypomethylation.
Dot1-mediated methylation of H3-K79 is strongly influenced
by chromatin structure. In vitro, Dot1 methylates H3-K79 only in
1824 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0437846100

Role of H3-K79 Methylation for Association of Sir Proteins. Methylation of H3-K79 is not just a structural probe that distinguishes
euchromatin from heterochromatin but rather plays an important role in Sir protein association and heterochromatic silencing. In S. cerevisiae, loss of Dot1 or alteration of H3-K79
significantly impairs telomeric and HM silencing and Sir protein
association at these loci (21, 22). Paradoxically, overexpression
of Dot1 also impairs silencing (27) and Sir protein association
(22) at these loci. These results are equally consistent with
models in which Sir proteins associate preferentially with histone
H3 containing methylated (21) or nonmethylated K79 (22).
However, the high level of H3-K79 methylation in bulk chromatin is more consistent with association of Sir proteins to
nonmethylated K79 (22). To accommodate the similar silencing
phenotypes of Dot1 deletion and overexpression, both models
propose (in opposite manners) that Sir proteins delocalize from
the silenced regions and redistribute around the genome in
response to alteration of H3-K79 methylation.
Our observation that H3-K79 hypomethylation at telomeric and
HM regions is Sir dependent is inconsistent with the model that Sir
preferentially associates with H3 that is methylated at K79. Instead,
it suggests that Sir proteins prefer to interact with H3 molecules that
are unmethylated (or perhaps monomethylated) at K79. It is likely
that the K79 moiety itself contributes to Sir protein association,
because alteration of K79 has a more significant effect on Sir
protein occupancy than loss of Dot1 (21, 22). Interestingly, alteration of H3 residues in close proximity to K79 also results in
silencing defects at all heterochromatic loci (44), and it is likely
(although untested) that such mutations reduce Sir protein occupancy. From these observations, we hypothesize that Sir proteins
directly interact with a core nucleosomal surface that includes
unmethylated K79. Sir3 and Sir4 are likely to play an important role
in this interaction at telomeric and HM loci, given their ability to
interact with histones H3 and H4 in vitro (10). At the rDNA locus,
we suspect that Net1 and兾or Cdc14 play an analogous role to Sir3
and Sir4, and indeed, Net1 and Cdc14 should be considered as
silencing proteins in the context of the rDNA locus. Given the
importance of chromatin structure for Dot1-mediated methylation,
this hypothesis provides a simple explanation for why H3-K79 is
hypomethylated at heterochromatic loci that are silenced by Sir
protein complexes.
H3-K79 Methylation as a Mechanism for Position-Effect Variegation.

Position-effect variegation in flies (1), centromeric position
effect in S. pombe (45), and telomeric position effect in S.
cerevisiae (8) are phenomena in which a gene in the vicinity of
heterochromatin is either expressed or silenced in individual
cells. Both the expressed and silenced states are epigenetically
inherited through many cell divisions, although switching between the two states occurs at low frequency. Sir proteins and
H3-K79 methylation are critical for telomeric silencing, but this
Ng et al.

is not sufficient to explain how two distinct epigenetic states can
be stably maintained in genetically identical cells.
Sir proteins are recruited to telomeres by Rap1 and associated
proteins, whereupon they spread away from the telomere by means
of interactions among Sir3, Sir4, and histones H3 and H4 tails (11).
We propose that Sir proteins maintain an epigenetic state by
preferentially binding chromatin containing undermethylated H3K79 and then blocking H3-K79 methylation (Fig. 7). These two
biochemical properties essentially constitute a positive-feedback
loop that mutually reinforces the stability of Sir proteins on
chromatin with hypomethylated H3-K79. Conversely, the nonsilenced state is governed by a positive-feedback loop in which
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Fig. 7. Model for maintaining stable on– off states. Positive-feedback loops
for the on and off states involve the preferential recognition of chromatin
with hypomethylated H3-K79 by Sir proteins and inhibition of Dot1-mediated
methylation of H3-K79 by bound Sir proteins. Stochastic events that affect
either Sir protein association or H3-K79 methylation can lead to switching
between the two states.

methylation of H3-K79 weakens Sir protein binding, which subsequently leads to increased H3-K79 methylation and even weaker Sir
protein binding. Thus, stochastic or regulated (e.g., by DNA replication or Rad6-mediated ubiquitination of H2B) effects on either
Dot1-mediated methylation or Sir protein occupancy will drive
individual cells to exist in stable repressed or expressed states.
Furthermore, this ‘‘mutual reinforcement’’ hypothesis explains why
the normal physiological level of H3-K79 methylation is required
for restricting Sir proteins and heterochromatin to specific regions.
In principle, preferential binding of silencing proteins to specifically modified histones and subsequent inhibition of those histone
modifications represent a general mechanism for maintaining
stable on or off epigenetic states in genetically identical cells. A
similar mechanism for maintaining on–off epigenetic states in S.
cerevisiae might also apply to Set1-mediated methylation of histone
H3-K4, which is low at telomeres (33, 40), and histone acetylation
(10). In addition, H3-K4 is hypomethylated at heterochromatic loci
in S. pombe, in a manner that depends on and spreads in conjunction with factors involved in heterochromatin assembly (5). The
stability of the epigenetic state would be enhanced considerably if
multiple histone modifications were subject to positive-feedback
loops. It is tempting to speculate that epigenetic states in mammalian cells involve a similar mechanism, although the silencing
proteins might differ. In this regard, H3-K79 methylation is particularly attractive for maintaining epigenetic states, because this
enzymatic process is particularly sensitive to nucleosome structure.

