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SUMMARY
Dot1 (Disruptor of telomeric silencing-1) is a histone H3 lysine 79 methyltransferase that contributes
to the establishment of heterochromatin boundary and has been linked to transcription elongation.
We found that histone H4 N-terminal domain, unlike other histone tails, interacts with Dot1 and is
essential for H3 K79 methylation. Furthermore, we show that the heterochromatin protein Sir3
inhibits Dot1-mediated methylation and that this inhibition is dependent on lysine 16 of H4. Sir3 and
Dot1 bind the same short basic patch of histone H4 tail, and Sir3 also associates with the residues
surrounding H3 K79 in a methylation-sensitive manner. Thus, Sir3 and Dot1 compete for the same
molecular target on chromatin. ChIP analyses support a model in which acetylation of H4 lysine 16
displaces Sir3, allowing Dot1 to bind and methylate H3 lysine 79, which in turn further blocks Sir3
binding/spreading. This draws a detailed picture of the succession of molecular events occurring
during the establishment of telomeric heterochromatin boundaries.

INTRODUCTION
Covalent modifications of residues on histone proteins have been the focus of intense study
over the past 10 years, and their importance has been highlighted during gene regulation/
transcription, the establishment of euchromatin/heterochromatin, and the maintenance of
genome integrity. Histone modifications can affect chromatin structure and/or have a signaling
role. They can be recognized by specific protein domains present in many types of nuclear
protein/complexes with distinct roles in chromatin structure, genome expression, and stability.
Different residue-specific modifications have also been shown to affect others within the same
histone protein or between different histones in chromatin. Various combinations of these
histone marks are thought to form a signature that specifies local chromatin states for accurate
regulation/ function (reviewed in Kouzarides, 2007; Millar and Grunstein, 2006).

Several protein complexes harboring histone acetyltransferase/deacetylase (HAT/HDAC),
methyltransferase/demethylase (HMT/HDM), kinase/phosphatase, or ubiquitylase/
deubiquitylase activities have been characterized, many of them also containing specific
histone mark-binding modules or even more than one modifying enzyme (Kouzarides, 2007;
Lee and Workman, 2007; Shilatifard, 2006). While histone acetylation is generally linked to
transcription, methylation of specific lysine residues on histones can correlate with
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transcription activity, i.e., H3K4, H3K36, and H3K79; or silencing/heterochromatin, i.e.,
H3K9, H3K27, and H4K20 (Kouzarides, 2007; Millar and Grunstein, 2006; Shilatifard,
2006).

While most histone lysine methyltransferases contain a SET domain, Disruptor of telomeric
silencing-1 (Dot1/ KMT4) is an exception. Two features of this enzyme distinguish it from
other known HMTs. First is its substrate requirement for chromatin, not free histones, and
second is its modification of a lysine residue within the globular region of histone H3, away
from the usual modification platforms that are the N- and C-terminal domains (Feng et al.,
2002; Lacoste et al., 2002; Ng et al., 2002; van Leeuwen et al., 2002). Dot1 is responsible for
all H3K79 methylation (mono-, di-, and tri-) in budding yeast, a mark predicted to be at the
surface of the nucleosome (Ng et al., 2002; van Leeuwen et al., 2002). Deletion of DOT1 leads
to telomeric silencing and meiotic checkpoint defects (San-Segundo and Roeder, 2000; Singer
et al., 1998). The majority of H3K79 is methylated in yeast (van Leeuwen et al., 2002), a large
portion of which is linked to chromatin on transcribed coding regions and regulated by the Paf1
complex and histone H2B monoubiquitylation on lysine 123 (reviewed in Shilatifard, 2006).
Dot1-dependent methylation of H3K79 is also important for DNA damage response since the
Tudor domain of Rad9/53BP1 recognizes this mark on chromatin surrounding DNA double-
stranded breaks (DSBs), an interaction required for G1/S checkpoint response (Huyen et al.,
2004; Wysocki et al., 2005). Crystal structures of the yeast and human Dot1 proteins have been
obtained and identified a conserved core region and mechanism of catalysis (Min et al.,
2003; Sawada et al., 2004). Finally, hDOT1L has recently been directly implicated in
leukemogenesis through misregulation of HOX genes (Okada et al., 2005).

One of the most striking phenotypes of dot1 mutant cells is the defect in telomeric silencing.
The SIR complex, formed by Sir3, Sir4, and the Sir2 H4 K16 deacetylase, assembles and
spreads from the end of chromosomes to form telomeric heterochromatin (Rusche et al.,
2003; Shahbazian and Grunstein, 2007). Its spreading into neighboring euchromatin regions
is thought to be blocked in part by specific histone modifications and histone H2A variant Htz1
(Meneghini et al., 2003; Shahbazian and Grunstein, 2007). Indeed, Sir3 binds chromatin
through histone H4 tail, an interaction that is disrupted by H4 K16 acetylation (Carmen et al.,
2002; Millar et al., 2004). Thus, a key determinant in the establishment of telomeric
heterochromatin boundaries is the opposite actions of H4 K16 deacetylase (Sir2) and
acetyltransferase (Sas2) (Kimura et al., 2002; Shia et al., 2006; Suka et al., 2002). Clearly,
other modifications are also involved since histone H3 K79A mutant and Dot1 suppression/
overexpression disrupt gene silencing by telomere position effect (TPE) (Ng et al., 2002; Singer
et al., 1998; van Leeuwen et al., 2002). On the other hand, the underlying molecular events
responsible for establishment of telomeric heterochromatin boundaries and their intricate
relationships are far from being fully understood.

In this report, we present findings that shed light on the role of Dot1 and H3 K79 methylation
in blocking the spreading of heterochromatin. We show that Dot1 needs to bind histone H4
tail in order to methylate histone H3 K79 residue in chromatin. Interestingly, Sir3 and Dot1
compete for the same short basic patch of H4 for binding to chromatin, but only Sir3 interaction
is sensitive to H4 K16 acetylation. Thus, Sir3 binding to H4 tail blocks chromatin methylation
by Dot1, an effect that can be suppressed by an H4 K16Q mutant or Sas2 HAT overexpression.
Furthermore, we show that Sir3 also interacts with the region surrounding lysine 79 of H3, an
interaction highly sensitive to Dot1-dependent methylation. Altogether, these results draw a
detailed picture of the succession of events required to establish telomeric heterochromatin
boundaries and underline the interplay of various modifications on distinct histones to
differentially regulate binding to chromatin.
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RESULTS
Histone H4 N-Terminal Tail Region Is Essential for Methylation of H3 at Lysine 79 In Vivo

Our initial interest was to determine putative crosstalk of histone H4 acetylation with other
histone modifications. We measured different histone marks by western on whole-cell extracts
from yeast strain harboring deletions of different histone tail regions (Figure 1A). The results
clearly indicate that deletion of histone H4 N-terminal tail wipes out bulk methylation of
histone H3 on lysine 79 in vivo, suggesting a putative crosstalk between these two histone
regions. Other histone tail deletions do not affect levels of H3K79me2. To investigate if this
crosstalk involved acetylation of the conserved lysine residues of H4 tail, we then looked at a
mutant strain where all four lysines have been mutated. As shown in Figure 1B, the bulk
methylation level of H3 K79 is not affected in this mutant. H4 point mutants for
phosphorylation of serine 1 or methylation of arginine 3 were also tested and did not affect
H3K79me3 either (see Figure S1A available online). Importantly, other methylated lysines of
H3 are not affected by the H4 tail deletion (H3K4me3 and H3K36me3; Figure 1C and data not
shown).

Dot1 Requires Histone H4 Tail to Methylate Nucleosomal Histone H3 In Vitro
Since point mutants for all known modifications of histone H4 tail did not reproduce the effect
of its deletion on H3K79 methylation in vivo, we investigated whether the region was directly
required for Dot1 to methylate chromatin. We used recombinant nucleosome core particles
with or without H4 tail region in HMT assays with purified recombinant Dot1. As shown in
gel or liquid assays (Figures 1D and 1E), while Dot1 efficiently methylates recombinant
nucleosomes, it is completely unable to modify the ones lacking the H4 tail region. These
results suggest that Dot1 directly interacts with the H4 tail region during its association with
nucleosomes and that this interaction is essential for H3K79 methylation by Dot1 in vivo and
in vitro.

Dot1 Directly Binds Histone H4 Tail, an Interaction Not Required for Binding to Nucleosomes
To investigate if Dot1 does directly interact with the histone H4 tail, we performed GST pull-
down assays with recombinant Dot1 and GST fusion proteins harboring the H4 tail region in
its wild-type form or with its lysine residues mutated to glutamines. As shown in Figure 2A,
Dot1 does efficiently bind H4 tail region in vitro. This interaction is unaffected by the lysine
mutants, in agreement with the results in vivo (Figure 1B). Sir3, a known H4 tail-binding
protein, is used for comparison (Figure 2B). In this case, mutation of the lysine residues greatly
affects Sir3 binding, as previously reported (Hecht et al., 1995).

Since Dot1 interaction with H4 tail is essential for methylation to occur, a simple explanation
would be that the interaction allows Dot1 to first bind nucleosomes, allowing subsequent
modification of H3 K79. We performed mobility shift assays using Dot1 and recombinant
mononucleosomes with or without H4 tail. As shown in Figures 2C and 2D, increasing amounts
of Dot1 associate with nucleosome core particles and shift them up the gel while BSA has no
effect. Interestingly, the lack of H4 tail has no effect on nucleosome binding by Dot1. This
could be explained by the fact that Dot1 has intrinsic affinity for DNA and the domain
responsible for it has been mapped (Sawada et al., 2004). Thus, Dot1 binds nucleosomes
independently of H4 tails, but this binding is not sufficient for methylation of K79 of H3. This
suggests that H4 tail binding by Dot1 on nucleosomes positions the enzyme in a proper
orientation for its catalytic core to methylate K79 of H3.
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Sir3 Inhibits Methylation of Chromatin by Dot1 In Vitro in an H4 Lysine 16-Dependent Manner
Based on the opposing relationship between the SIR complex and H3 methylation by Dot1
near telomeres (Ng et al., 2003; van Leeuwen et al., 2002), our finding of Dot1 interacting with
H4 tail raised an interesting question about the impact of Sir3 binding to the same H4 tail. We
performed HMT assays with Dot1 and recombinant mononucleosomes, adding increasing
amounts of Sir3 protein to the reaction. We used as control another telomeric protein, Rap1, a
DNA-binding factor that does not associate with H4 tails (Rusche et al., 2003). As presented
in Figure 3A, Sir3 acts as a strong inhibitor to Dot1-dependent methylation, presumably by
blocking Dot1 access to the H4 tail. Similar results were obtained with full-length Sir3 protein
purified from yeast (data not shown). To test if this inhibitory effect could also occur on more
physiological chromatin substrates, we repeated the experiment with purified native
oligonucleosomes and obtained similar results (Figure 3B). Sir3 has been reported to also bind
histone H3 tail, but it is binding to H4 tail that is sensitive to acetylation, primarily at H4K16
(Millar et al., 2004). Thus, an interesting mechanism would involve acetylation of H4K16 to
disrupt Sir3 interaction, allowing Dot1 to bind and methylate H3K79. To test this hypothesis,
we purified native yeast chromatin from wild-type, K16Q, and K5/8/12/16Q H4 strains and
tested Sir3 inhibition of Dot1 activity. The results presented in Figure 3C indicate that mutation
of H4 K16 to an acetylation mimicking glutamine is sufficient to suppress inhibition by Sir3.
These data demonstrate that Sir3 and Dot1 compete for binding to histone H4 tail in chromatin
and suggest that K16 acetylation near telomeres indirectly facilitates Dot1 binding by blocking
Sir3 association.

Histone H4 Basic Patch Is Essential for Dot1 to Methylate Chromatin
The region within the H4 tail that is essential for Sir3 binding has been mapped, and the short
basic patch formed by residues 16–20 (KRHRK) is critical for Sir3 association (Hecht et al.,
1995; Millar et al., 2004). Along with the H4 K16Q mutant, we also analyzed Dot1-dependent
methylation with an H4 R17/19A mutant, expecting a similar effect on inhibition by Sir3. We
were surprised to find a complete loss of bulk H3 K79 methylation in vivo in a R17/19A mutant,
while H3 K4 methylation or H4 acetylation is unaffected (Figure 4A and Figure S1B). Since
the abundant ISWI ATP-dependent chromatin remodeling complexes have also been shown
to bind H4 basic patch (Clapier et al., 2002; Fazzio et al., 2005), it was important to test if the
effect on H3 K79 methylation was indirect by affecting ISWI association throughout the yeast
genome. This is not the case, since deletion of ISWI paralogs ISW1 and ISW2 has no effect
on bulk levels of H3 K79 methylation (Figure 4B).

These data suggest that Dot1 binds the same short basic patch of histone H4 tail as Sir3. To
test this, we purified native yeast chromatin from the R17/19A mutant strain and used it in
HMT assay with Dot1. Since the majority of H3 K79 is already methylated in wild-type native
chromatin (van Leeuwen et al., 2002), but not in the R17/19A mutant, we had to use a control
chromatin purified from a DOT1-deleted strain to compare methylation levels (both having no
H3K79me to start with). As expected, Dot1 is much more active in vitro on ΔDot1 chromatin
compared to wild-type, reflecting the higher ratio of free K79 available (Figure 4C). In contrast,
Dot1 is unable to methylate chromatin harboring the H4 R17/19A mutation (Figure 4C). This
effect is not general to all proteins/enzymes binding the H4 tail, since in vitro chromatin
acetylation by the NuA4 HAT complex is not affected by the R17/19A mutation (Figure S1C).
These results confirm that Dot1 needs to bind H4 basic patch region in order to methylate
chromatin and that this interaction is surprisingly unaffected by the adjacent K16, in contrast
to Sir3. This differential effect of K16 on Sir3 and Dot1 binding to the basic patch is clearly
meaningful in blocking the spreading of telomeric heterochromatin. Chromatin
immunoprecipitation (ChIP) analysis of Sir3 occupancy at telomeres on chromosomes V and
VI confirmed that ΔDot1, H4 R17/19A, and H4 K16Q mutants all greatly diminished Sir3
association to chromosomes ends in vivo (Figures 4D–4I). These signals truly reflect SIR
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complex association, since Sir2 occupancy is similarly affected in the mutant strains (Figures
S2A–S2E).

Sir3 Binds H3 Lysine 79 Peptide Region In Vitro, an Interaction Disrupted by Methylation
While the H4 basic patch mutants directly block Sir3 from binding to telomeres in vivo (Hecht
et al., 1996), the loss of Dot1 decreases this local Sir3 binding by allowing it to invade
euchromatin (Ng et al., 2003; van Leeuwen et al., 2002). Overexpression of Dot1 in vivo should
favor it to compete with Sir3 for binding to the H4 tail basic patch in chromatin. Indeed, ChIP
analysis shows that Dot1 over-expression increases methylation of H3 K79 at telomeres on
chromosomes V and VI while Sir3 occupancy is concomitantly decreased (Figure 5A, left and
middle). Importantly, levels of histone H4 K16 acetylation are not affected by Dot1
overexpression, arguing that Dot1 action is directly responsible for Sir3 displacement (Figure
5A, right). Also in agreement with Sir3-Dot1 competition on the H4 tail, overexpression of
Sir3 instead was previously shown to decrease H3 K79 methylation near telomeres (Ng et al.,
2003).

Previous results suggest that Dot1 binding to the H4 tail could be sufficient to block the
spreading of Sir3 into euchromatin regions next to telomeres. While the H3 lysine 79 to alanine
point mutation or Dot1 overexpression disrupts telomeric silencing/Sir3 binding, the
H3Lys79Arg mutation, which keeps the positive charge but disallows methylation, has no
effect or even increased silencing (Fry et al., 2006; Park et al., 2002; van Leeuwen et al.,
2002). The absence of a phenotype for the H3 K79R mutation suggests that even though Dot1
cannot methylate the residue, its binding to the H4 tail is sufficient to block Sir3 spreading and
to maintain normal telomeric heterochromatin boundaries. On the other hand, mutation of
residues surrounding H3 K79 also creates silencing defects and affects binding of the SIR
complex in vivo (Fry et al., 2006; Park et al., 2002; Thompson et al., 2003). Closer examination
of that region in the nucleosome core structure indicates that the close proximity of H3 L1 and
H4 L2 loops forms a cluster of basic residues, all of which affect telomeric silencing and SIR
binding when mutated (Fry et al., 2006; Luger et al., 1997; Park et al., 2002; Thompson et al.,
2003). Since this cluster of basic residues is reminiscent of Sir3/Dot1 target on the H4 tail, it
raises the hypothesis that Sir3 could also interact with that region at the surface of the
nucleosome and that methylation of K79 would disrupt this interaction. This would explain
the silencing defects of point mutants of residues in this region that remove their positive
charge. To test that hypothesis, peptide pull-down assays were performed with Sir3 and
biotinylated peptides corresponding to the H4 tail and H3 K79 region, in unmodified or
methylated forms (Figure 5B). The results obtained indicate that Sir3 does interact with the
H3 K79 region in vitro, similar to its binding to the H4 tail. Strikingly, trimethylation of K79
completely disrupts this binding, whereas trimethylation of K20 on the H4 tail peptide has no
effect on Sir3 association. We then verified if the level of methylation has a differential effect
on Sir3 binding (Figure 5C). Surprisingly, even monomethylated K79 is sufficient to disrupt
Sir3 association. Finally, we wanted to compare these results with Sir3 binding to the H3 tail
region, since this was reported to be sensitive to Set1-dependent methylation of K4 (Santos-
Rosa et al., 2004). In our binding assays, we also detected Sir3 binding to the H3 tail region,
and we observed that this binding is sensitive to K4 methylation (Figure 5D). In contrast to
methylated H3 K79 peptide, we could still detect some binding to the methylated H3 K4
peptide. Together, these results indicate that Sir3 and Dot1 target the same two regions within
nucleosomes, i.e., the basic patches on the H4 tail and the globular region of H3. In addition,
two distinct modifications disrupt binding of Sir3 to each region, i.e., K16Ac in H4 tail and
K79Me in H3 globular domain.
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Increase of H4 Lysine 16 Acetylation at Telomeres Stimulates Local H3 Lysine 79 Methylation
Based on the absence of telomere silencing defect in H3 K79R mutant strains (Park et al.,
2002) we suggested that Dot1 binding to the H4 tail, not H3 K79 methylation per se, was
sufficient to establish normal heterochromatin boundaries/block Sir3 spreading. In addition,
this implies that Sir3 binding to the H4 tail is critical and forms the foundation for SIR complex
binding to chromatin (binding to H3 tail and/or K79 basic patch is not sufficient) (Millar et al.,
2004). Based on this model, disrupting binding of Sir3 by increasing acetylation of H4 K16
should favor association of Dot1 and H3 K79 methylation at telomeres. We tested this model
by overexpressing the Sas2 H4 K16 acetyltransferase in vivo. In this experiment, we detect a
large increase of H4 K16 acetylation near telomeres VL and VIR (Figure 6A). H3 K79
methylation is also greatly increased while there is a loss of SIR complex from the same regions
(Figures 6B and 6C). Since the level of H3K79me is much higher than obtained by directly
over-expressing Dot1 and H4 K16 acetylation was not affected by Dot1 (Figure 5A), these
data support the upstream and primary role of H4 K16 acetylation in defining telomeric
heterochromatin boundaries. In agreement with such a primary role, Sas2 overexpression also
stimulated incorporation of histone variant Htz1 (H2A.Z) at telomeres (Figure 6D), confirming
a recent report that linked acetylation of K16 to Htz1 incorporation near chromosome ends
(Shia et al., 2006).

DISCUSSION
Since the identification of Dot1 as a HMT, chromatin modification by this enzyme has been
implicated in many nuclear processes, namely establishment of telomeric chromatin
boundaries, transcription elongation, and DNA damage response (Shilatifard, 2006; Wysocki
et al., 2005). Methylation of H3 lysine 79 is prevalent in budding yeast chromatin and is found
in coding regions of transcribed genes and near telomeres (Millar and Grunstein, 2006). It is
therefore seen as a euchromatin-specific modification. A functional role of methylated K79 in
DNA damage response is to allow binding of ScRad9 to chromatin near DSBs through the
protein tudor domain (Wysocki et al., 2005). However, the precise mechanistic roles of Dot1/
K79 methylation during transcription elongation and establishment telomeric heterochromatin
boundaries are not understood. Our findings showing that Dot1 interacts with a short region
of histone H4 tail in chromatin and that this interaction is essential for methylation of lysine
79 on H3 provide critical new information that shed light on its function in blocking the
spreading of heterochromatin.

We showed that Sir3, the chromatin-binding component of the SIR complex, which spreads
from chromosome ends to form heterochromatin and silence gene expression, is a potent
inhibitor of Dot1-dependent methylation. This is explained by the fact that Sir3 and Dot1
compete for the same binding site on H4 tail, a short basic patch between residues 16 and 20.
It was known that Sir3 binding to H4 tail is disrupted by acetylation lysine 16, but this is not
the case for Dot1. This supports the concept that the regulation of H4 K16 acetylation by Sas2
acetyltransferase and Sir2 deacetylase is a key primary step controlling the establishment of
heterochromatin boundaries (Figure 7) (Millar et al., 2004). Our results indicate that a pivotal
function of H4 K16 acetylation is to displace Sir3, which in turn allows Dot1 to bind and
methylate H3 K79. The role of AcK16 in Dot1-dependent methylation is restricted to the region
near Sir3-containing chromatin since K16 mutation has no effect on bulk levels of MeK79 or
in vitro HMT activity (Figures 1B and 3C).

Our results also reconcile contradictory data present in the literature. While it was known that
deletion of DOT1, its overexpression, or mutation of H3 lysine 79 to an alanine had similar
effect on telomeric silencing (van Leeuwen et al., 2002), it was puzzling to see that a K79R
mutation, which cannot be methylated, had no phenotype or even increased silencing (Park et
al., 2002). These data suggest that Dot1 binding to the H4 tail, even without K79 methylation,
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is sufficient to block SIR complex spreading into euchromatin regions. It is clearly not that
simple, since expression of catalytically dead mutants of Dot1 only slightly suppresses the
telomeric silencing defects of DOT1 deletion/overexpression (van Leeuwen et al., 2002). Since
Dot1 does not appear to methylate other histone residues in vitro (van Leeuwen et al., 2002),
these results could reflect a lower affinity of the Dot1 mutants for chromatin. Maybe AdoMet
binding by Dot1 induces a conformational change allowing coordinated binding to both H4
tail and H3 K79 region at the surface of the nucleosome. As for the H3 K79A mutation, it
suggests that losing the positive charge has a similar effect as methylation (which does not
remove the charge). Since mutation of other basic residues neighboring H3 K79 in the
nucleosome also creates defect in silencing (Fry et al., 2006; Park et al., 2002; Thompson et
al., 2003), we tested if in fact Sir3 was also interacting with a second basic patch in the
nucleosomes, centered on H3 K79. We showed that it was the case and that the interaction is
extremely sensitive to K79 methylation (Figure 5). Altogether, our results indicate that Sir3
and Dot1 target the same two positively charged patches on nucleosomes. Binding of Sir3 to
both targets is apparently necessary for its function, while Dot1 binding to the H4 tail/
nucleosome without methylation could be sufficient to block Sir3 spreading (based on K79A/
R phenotypes) (Figure 7).

The data and concepts presented in this report could also impact our understanding of DNA
DSB repair. While Dot1-dependent methylation has been implicated for binding of ScRad9
and checkpoint activation (Wysocki et al., 2005), the SIR complex is also recruited near DSBs
but at later time points (Martin et al., 1999). In this situation, one would expect that H3 K79
would have to be demethylated in order to allow local SIR (Sir3) binding.

It will be interesting to investigate the role of Dot1 in the establishment of chromatin boundaries
in higher eukaryotes, since the mechanisms may significantly differ. The H4 K16
acetyltransferase and deacetylase have been identified in hMOF and Sirtuins (Michan and
Sinclair, 2007; Smith et al., 2005), but no homolog of Sir3 or SIR complex has been
characterized. Artificial targeting of human H4 K16 deacetylase Sirt1 to a gene in cultured
cells results in local loss of H3 K79 methylation, heterochromatinization, and gene silencing
(Vaquero et al., 2004). Furthermore, in higher eukaryotes, H4 is methylated on K20 in
heterochromatin (Kouzarides, 2007). The impact of this modification on mammalian Dot1-
binding activity needs to be studied. It is tempting to speculate that H4 MeK20 could regulate
Dot1 binding to the basic patch as Sir3 does in yeast. Accordingly, single H4 molecules do not
carry simultaneous AcK16 and MeK20 residues, and H4 K16 acetylation inhibits K20
methylation in vitro (and vice versa) (Garcia et al., 2007; Nishioka et al., 2002). Finally, a
recent report identified two homologs of Dot1 in trypanosoma, each one being selective for
di- or trimethylation of H3. Such selectivity in the level of methylation argues for distinct
functional roles (Janzen et al., 2006).

The data presented here underline the critical role played by a short basic patch of histone H4
tail in chromatin function. This small region is now known to physically interact with Sir3,
Sas2/MOF HAT, Sir2 HDAC, Dot1 HMT, and the ISWI family of ATP-dependent chromatin
remodelers. Coordinated interaction of Sir3 or Dot1 with both the H4 tail and H3 K79 region
is compatible with the previously established close proximity of these two regions in the
nucleosome structure (Luger et al., 1997; Thompson et al., 2003). An independent study also
identified Dot1 interaction with H4 tail and mapped the region necessary for binding to a short
acidic patch in Dot1 (Fingerman et al., 2007).

Altogether, our results explain through a histone H4-H3 crosstalk why Dot1 methyltransferase
activity can only modify chromatin substrates, not free histones/peptides. Even more
importantly, they suggest a precise succession of molecular events leading to the establishment
of telomeric heterochromatin boundaries, local control of histone H4 K16 acetylation
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specifying the direct binding of Sir3 or Dot1. Both proteins compete for the same molecular
targets at the surface of the nucleosome. If Dot1 is allowed to bind, then methylation of H3
K79 directly blocks further Sir3 association/spreading from telomeres. The reported role of
H2A variant Htz1 (H2AZ) in blocking heterochromatin spreading is also dependent on the H4
tail, since Htz1 incorporation near telomeres requires K16 acetylation (Figure 7) (Shia et al.,
2006). On the other hand, the impact of Htz1 on telomeric silencing seems less dramatic than
Dot1, suggesting that the incorporation and the role of Htz1 could be subsequent and accessory
to the H4 acetylation/H3 methylation steps (Dhillon and Kamakaka, 2000). It will be very
interesting to investigate the role of Dot1 in chromatin boundaries in higher eukaryotes. Distinct
histone modifications could functionally interact with Dot1/H3 K79 methylation, but the
primary role of H4 basic patch as regulatory target certainly remains. These findings also
impact research efforts at dissecting Dot1 function in DNA damage response, transcription
elongation, and leukemogenesis.

EXPERIMENTAL PROCEDURES
Yeast Strains and Plasmids

Yeast strains carrying different histone mutations have been described (Bird et al., 2002; Fazzio
et al., 2005; Hirschhorn et al., 1995; Utley et al., 2005; Zhang et al., 1998) (O. Jobin-Robitaille
and J.C., unpublished data). pRS425-GAL-FLAG-DOT1 yeast overexpression vector (2 μm)
was derived from pRS416-ADH-FLAG-DOT1 (Fingerman et al., 2007), while GAL-SAS2
yeast overexpression strain (from a 2 μm vector), isw1, isw2, and dot1 deletion strains were
obtained from Open Biosystems. The Sir3-13Myc-expressing yeast strain was obtained
following standard PCR-mediated procedure to introduce 13 Myc epitopes at the C terminus
of SIR3 (Longtine et al., 1998). Bacterial vectors for expression of recombinant Dot1, GST-
H4, and GST-Rap1 have been described (Hecht et al., 1995; Lacoste et al., 2002; Nourani et
al., 2004). PCR-mediated cloning of SIR3 (corresponding to amino acids 620–978; functional
chromatin-binding/dimerization [Hecht et al., 1995]) into pET15b vector was performed
following standard procedures.

Purification of Proteins, Nucleosome Core Particle, and Native Chromatin
Recombinant His6-tagged Dot1 (aa 1–582) and Sir3 (aa 620–978), GST-Rap1 (aa 629–827),
-H4 (aa 1–34), -H4-K16Q (aa 1–34), and -H4-K5,8,12,16Q (aa 1–34) were bacterially
expressed and purified with Ni2+-nitrilotriacetic acid-agarose (QIAGEN) or glutathione-
Sepharose (GE) following the manufacturer’s protocol (Figure S3A). Tandem affinity-purified
yeast NuA4 complex has been described (Lacoste et al., 2002).

Preparation of nucleosome core particles with recombinant histones from Xenopus was done
as before (Selleck et al., 2005). Native H1-depleted oligonucleosomes were purified from HeLa
cells as described (Utley et al., 1996). Yeast native chromatin was purified following a related
procedure described previously (Lacoste et al., 2002) (see the Supplemental Data). After
microccocal nuclease digestion, the chromatin samples were concentrated and fractionated by
gel filtration (Superose 6, Amersham Biosciences) in high-salt buffer. Fractions were analyzed
on DNA and protein gels (Figure S3B), and those containing dinucleosomes and longer
chromatin fragments (>300 base pairs) were pooled and concentrated.

GST/Peptide Pull Down and Gel Shift Assays
GST-H4 fusion proteins (3 μg) coupled to glutathione beads were incubated with recombinant
Dot1 or Sir3 (0.3 μg) in 25 mM HEPES (pH 7.5), 100 mM NaCl, 10% glycerol, 100 μg/ml
BSA, 0.5 mM DTT, 0.1% Tween 20, and 1 μg/ml Leupeptin, Pepstatin, and Aprotinin for 1 hr
at RT on a rotary shaker. Beads were then washed three times with binding buffer, and bound
proteins were analyzed by western using anti-His antibody. Peptide pull-down assays were

Altaf et al. Page 8

Mol Cell. Author manuscript; available in PMC 2008 December 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



performed by incubating 1 μg of biotinylated histone peptides with Sir3 (0.2 μg) under similar
conditions as above except that 150 mM NaCl was used. Peptides were then isolated with
magnetic streptavidin beads and analyzed by western with anti-His and anti-biotin antibodies.

For gel shift assays, different amounts of recombinant Dot1 protein (0.1–1 μg) were incubated
with 1.5 μg of nucleosome core particles in 10 μl binding buffer containing 20 mM Tris-HCl
(pH 8), 4 mM EDTA, 1 mM PMSF, 0.5 mM DTT, and 3% glycerol for 1 hr at 30°C. Binding
reactions were resolved on a 1.8% agarose gel and visualized by ethidium bromide staining.

Western Blotting and Histone Methyltransferase Assay
For analysis of in vivo bulk histone modifications in different mutant backgrounds, yeast cells
were lysed in RIPA buffer (50 mM HEPES [pH 7.9], 2 mM EDTA, 0.25 M NaCl, 0.1% SDS,
0.1% DOC, 1% Triton X-100) with glass beads. Extracts were separated on 18% SDS-PAGE,
transferred on nitrocellulose membranes, and probed with anti-di- or anti-trimethyl lysine 79
of H3 (gift of Y. Zhang/Abcam), anti-di- or anti-trimethyl lysine 4 of H3 (Upstate/Abcam),
anti-acetyl lysine 8 or 12 of H4 (Upstate), and anti-H3 or anti-H4 (gift of A. Ruiz-Carrillo).

HMT assays were performed in 30 μl total volume using 0.5 μg of nucleosomes/chromatin and
1 μCi of [3H]AdoMet (S-adenosyl-L-[methyl-3H]methionine, 80 Ci/mmol; SAM) in HMT
buffer (20 mM Tris/HCl [pH 8], 50 mM KCl, 0.1 mM EDTA, 5% glycerol, 1 mM DTT, 1 mM
phenylmethylsulfonyl fluoride) for 45 min at 30°C. For Sir3 inhibition assays, (oligo)
nucleosomes were first incubated with Sir3 for 45 min at 30°C followed by addition of Dot1
and SAM. To visualize radiolabeled histones, the reactions were resolved on 18% SDS-PAGE,
Coomassie stained, and subjected to fluorography/autoradiography. In parallel, methylation
was quantified by spotting duplicate reactions on P81 filters, followed by washes and liquid
scintillation counting (values are presented with standard deviations).

Chromatin Immunoprecipitation Assays
ChIPs were performed similarly to what has been described (Wysocki et al., 2005). Crosslinked
chromatin was sonicated (Diagenode Bioruptor) to yield DNA fragments of an average size of
500 base pairs, and 100 mg was used for immunoprecipitations with antibodies against Myc
(Babco), Sir2 (Santa Cruz), H3 trimethyl-K79 (Abcam), H4 acetyl-K16 (Serotec), Htz1
(Abcam), and H3 (C terminus, Abcam). Primers used in the PCR reactions were analyzed for
linearity range and efficiency with a LightCycler (Roche) in order to accurately evaluate
occupancy (percent of IP/input). All PCR reactions were at least duplicates, and variation was
less than 15%. IP and chromatin samples were also repeated with similar results. The numbers
presented with standard errors are based on two independent experiments. For the experiments
with overexpressed Dot1 and Sas2, cells were grown in media containing raffinose (A600 =
0.6) followed by galactose induction for 2 hr.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Histone H4 N-Terminal Tail Is Essential for Dot1-Dependent Methylation of Nucleosomal
H3 at Lysine 79
(A) Histone H4 tail is required for H3 K79 methylation in vivo. Western blot of RIPA extracts
from wild-type, H4ΔN (Δ4–19), H3ΔN (Δ3–29), H2AΔN (Δ5–21), and H2AΔC (Δ121–132)
yeast cells using anti-H3 diMeK79 antibody.
(B) Histone H4 lysine residues targeted for acetylation are not required for H3 K79 methylation
in vivo. Western analysis of RIPA extracts was performed as in (A) including cells carrying
K to Q substitutions for all four lysine residues of H4 tail domain. Anti-total H3 signals are
included to monitor loading amounts.
(C) Histone H3 methylation at lysine 4 is not affected by H4 tail deletion. Western analysis of
RIPA extracts was as in (A) using anti-H3 diMeK4 and anti-total H4 antibodies.
(D and E) Dot1 requires histone H4 tail to methylate H3 K79 on nucleosomes in vitro. HMT
assays were performed using recombinant Dot1 and recombinant nucleosome core particles
(rNCP) with or without H4 N-terminal tail (Δ2–20). Reactions were analyzed by gel/
fluorography in (D) and filter binding/liquid scintillation counting in (E) (average of duplicate
reactions with standard deviations).
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Figure 2. Dot1 Directly Binds the Histone H4 Tail, but This Interaction Is Not Required for Binding
to Nucleosomes
(A) Dot1 binds histone H4 tail region irrespective of acetylatable lysine residues. GST pull-
down assays were performed using recombinant His-Dot1 and beads harboring GST-H4 fusion
proteins (wild-type or K-to-Q substitution mutants at the indicated positions). GST is used as
negative control. After washes, input (33%) and bound (100%) material were run on a 12%
SDS-PAGE and revealed by western analysis using anti-His antibody.
(B) Sir3 binds histone H4 tail region in a lysine-dependent manner. GST pull-down assays
were as in (A) but using recombinant His-Sir3 (620–978).
(C and D) Dot1 binds nucleosome core particles irrespective of histone H4 tail. Gel mobility
shift assays were performed using recombinant nucleosome core particles (1.5 μg) with or
without histone H4 tail (Δ2–20) and increasing amounts of Dot1 (0.1, 0.3, and 1 μg). Binding
reactions were run on a 1.8% agarose gel followed by ethidium bromide staining.
Mononucleosome and naked DNA bands are indicated. BSA was used as control. Marker is
100 bp ladder.
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Figure 3. Heterochromatin Protein Sir3 Specifically Blocks Nucleosomal H3 Methylation by Dot1
in an H4 Lysine 16-Dependent Manner
(A) Sir3 inhibits nucleosomal H3 methylation by Dot1. HMT assays are as in Figure 1D using
recombinant nucleosome particles, Dot1, and increasing amounts of Sir3 or Rap1 proteins (0.5,
1.0, 1.5, and 2.0 μg).
(B) HMT assays were performed as in Figure 1E using purified native oligonucleosomes from
human, Dot1, and increasing amounts of Sir3 or Rap1 (0.5–2.0 μg).
(C) Sir3 requires histone H4 lysine 16 to inhibit Dot1-dependent methylation in vitro. HMT
assays as in (B) using purified native chromatin from yeast cells expressing wild-type histone
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H4 or substitution mutants for the indicated positions of lysine residues. Increasing amounts
of Sir3 (1, 2, and 4 μg) were added to the reactions.
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Figure 4. Histone H4 Basic Patch Residues Are Essential for Chromatin Methylation by Dot1 In
Vivo and In Vitro
(A) Point mutants of histone H4 arginine residues at positions 17 and 19 lead to loss of Dot1-
dependent methylation of H3 in vivo. Western analysis of RIPA extracts (as in Figures 1A–
1C) from DOT1 deletion or histone H4 R17/19A substitution mutant cells and their isogenic
wild-types was performed using anti-H3 diMeK79, anti-H3 triMeK4, and anti-H3 (total).
(B) Abundant Isw1/2 ATP-dependent chromatin remodelers that interact with histone H4 basic
patch do not regulate bulk levels of Dot1-dependent H3 methylation in vivo. Western analysis
was performed as in (A), including RIPA extracts from isw1 and isw2 mutant cells.
(C) Dot1 requires arginine residues of histone H4 tail basic patch to methylate H3 K79 in
chromatin in vitro. HMT assays were performed as in Figure 1E using Dot1 and yeast native
chromatin purified from DOT1 deletion or histone H4 R17/19A substitution mutant cells and
their isogenic wild-types. Since the majority of H3 K79 is methylated in wild-type cells in
vivo, ΔDot1 mutant chromatin was used as control for the H4 mutant chromatin (neither contain
MeK79, as shown in [A]).
(D–I) In vivo association of Sir3 protein with telomeric regions is greatly decreased in dot1,
H4 K16Q, and H4 R17/19A mutant cells. Sir3 binding to the telomeres of chromosome V left
arm (D–F) and VI right arm (G–I) was analyzed by ChIP in the indicated strains. Occupancy
represents IP/input signal (%) using a strain carrying chromosomal SIR3 tagged with 13 Myc
epitopes. Signals are determined by real-time PCR with primers corresponding to the indicated
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positions relative to the end of the chromosomes. These values are based on two independent
experiments with standard errors.
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Figure 5. Dot1 and H3 K79 Methylation Directly Affect the Ability of Sir3 to Bind Chromatin
(A) Overexpression of Dot1 increases methylation of H3 K79 near telomeres with a
corresponding decrease in Sir3 occupancy while not affecting acetylation of H4 K16. ChIP
analysis as in Figure 4E was performed in a strain carrying a galactose-inducible DOT1 gene
on a high-copy plasmid (over a wild-type DOT1 background). IPs were done on chromatin
prepared from mid-log phase cells grown from 2 hr in glucose or in galactose. IPs were done
with anti-H3 triMeK79 and anti-total H3 (left), anti-Myc (middle), or anti-H4 AcK16 and anti-
total H3 (right). Data are presented as the change of IP/input signals when Dot1 is
overexpressed (standard errors are based on two independent experiments). Total H3 signal is
used to correct for potential changes/variations in nucleosome occupancy (for MeK79 and
AcK16).
(B) Sir3 binds to peptides corresponding to histone H3 K79 region in a methylation-sensitive
manner. Sir3 pull-down assays were performed with the indicated biotinylated peptides. Mock
reaction is Sir3 incubated without peptides.
(C) Even monomethylation of K79 disrupts Sir3 interaction with H3 peptides. Pull downs were
done as in (B) with Sir3 and the indicated peptides. The membrane was also probed with anti-
biotin to monitor relative peptide amounts bound to the beads.
(D) Sir3 interaction with H3 N-terminal peptides is also regulated by site-specific methylation
but seems less sensitive. Pull-down assays were done as in (C) with Sir3 and the indicated
peptides (reactions done at the same time but run on two different gels).
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Figure 6. Increased Sas2-Dependent Acetylation of H4 K16 Greatly Enhances H3 K79 Methylation
and Htz1 Incorporation near Telomeres
Overexpression of Sas2 H4 K16 acetyltransferase greatly stimulates methylation of H3 K79
near a telomere in vivo. ChIP analysis as in Figure 5A was performed in a strain carrying a
galactose-inducible SAS2 gene on a high-copy plasmid (over a wild-type SAS2 background).
IPs were done on chromatin prepared from mid-log phase cells grown from 2 hr in glucose or
in galactose. IPs were done with anti-H4 AcK16 (A), anti-H3 triMeK79 (B), Anti-Sir2 (C),
anti-Htz1 (D), and anti-total H3. Data are presented as the change occupancy when Sas2 is
overexpressed. Histone marks/variants are corrected for nucleosome occupancy using total H3
signal.
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Figure 7. Model of Succession of Events during the Establishment of Telomeric Heterochromatin
Boundaries in Yeast
Histone H4 tail and its K16 acetylation site is depicted as coming out the nucleosome cores.
Methylation of H3 K79 is depicted by the “M”-marked red circle in the cores, and “Z”-marked
ovals represent histone variant Htz1.
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