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Abstract

The expression of genes that reside near telomeres is attenuated through telomere position-effect
variegation (TPEV). Using a URAS3 reporter located at TEL-VIIL of S. cerevisiae, it was
demonstrated that the disruptor of telomeric silencing-1 (Dot1) regulates TPEV by catalyzing the
methylation of H3K79. URA3 was also used as a reporter to demonstrate that H3K79 methylation
is required for HM silencing. Surprisingly, a genome-wide expression analysis of mutants
defective in H3K79 methylation patterns indicated that only a few telomeric genes, such as the
COS12 located at TEL-VIIL, are subject to H3K79 methylation-dependent natural silencing.
Consistently, loss of Dot1 did not globally alter Sir2/3 occupancy in subtelomeric regions, but did
lead to some telomere-specific changes. Furthermore, we demonstrated that H3K79 methylation
by Dot1 does not play a role in the maintenance of natural HML silencing. Our results show that
the commonly used URAS3 reporter located at TEL-VIIL or at the mating loci may not report on
natural PEV and that studies concerning the epigenetic mechanism of silencing in yeast should
employ assays that report on the natural pattern of gene expression.
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INTRODUCTION

Eighty years ago, H.J. Muller described the phenomenon of position-effect variegation
(PEV) of gene expression (which he called “eversporting displacement™), in which the
expression of genes in Drosophila that are brought near heterochromatin is silenced (Muller
and Altenburg, 1930). Following the identification of ADH4 as the most distal gene in the S.
cerevisiae genome on TEL-VIIL (Walton et al., 1986), Gottschling and colleagues replaced
ADH4 with a URA3 reporter at this location and established that expression of URA3 is
silenced in a semi-stable, but heritable manner (Aparicio et al., 1991; Gottschling et al.,
1990; Rusche et al., 2003). This process has been referred to as telomeric position effect
variegation (TPEV) and is thought to be due to the heterochromatic nature of chromosome
ends in budding yeast. Indeed, when URA3 is moved into presumptive euchromatin 20 Kb
or more away from the telomere, its transcription increases (Aparicio and Gottschling, 1994;
Gottschling et al., 1990). A similar reporter-based assay has also been developed by placing
the ADE2 gene adjacent to the telomere sequence (a TG4.3 tract) near the right end of
chromosome V (TEL-VR) (Singer et al., 1998). The finding that both TEL-VIIL and TEL-VR
seem to be subject to TPEV of gene expression has been inferred to represent telomeric
silencing genome-wide, and these two reporter systems have been widely used for the past
twenty years in studies of telomeric gene silencing (for example: Aparicio et al., 1991;
Cubizolles et al., 2006; Gardner et al., 2005; Gottschling et al., 1990; Krogan et al., 2002;
Miller et al., 2001; Murphy et al., 2003; Ng et al., 2002; Nislow et al., 1997; Xu et al.,
2007).

Transcriptional silencing of genes near telomeres is associated with specific chromatin
structures (Rusche et al., 2003). Histone modifications such as acetylation, methylation, and
monoubiquitination have been linked to transcriptional silencing (Grewal and Elgin, 2007;
Shahbazian and Grunstein, 2007; Shilatifard, 2006). In budding yeast, several proteins
involved in adding or removing histone modifications are involved in silencing a URA3
reporter when it is placed near telomeres or at the cryptic mating type loci, HML and HMR.
Reporter-based silencing at telomeres and silencing at the mating type loci is mediated by
the silent information regulators, Sir3, Sir4 and the conserved Sir2 NAD+-dependent histone
deacetylase, which assemble along the nucleosome fiber (Gartenberg, 2000; Rine et al.,
1979; Rusche et al., 2003). Mating-type silencing also requires the Sirl silencing protein,
while telomeric silencing involves yKu70/yKu80, Rapl and other factors involved in
maintenance of the chromosome end.

Dot1, the methyltransferase that catalyzes mono-, di- and trimethylation of histone H3 lysine
79 (H3K79), has been shown to be involved in the regulation of telomeric and HM silencing
using the URAS3 reporter (Lacoste et al., 2002; Ng et al., 2002; van Leeuwen et al., 2002).
Dotl can interact with the histone H4 N-terminal tail acetylated on lysine 16, a mark
regulated by the Sas2 acetyltransferase and the Sir2 histone deacetylase (Altaf et al., 2007).
In addition, the removal of H3K79 methylation as well as H3K4 methylation are important
for heterochromatin formation at the silent mating-type loci (Osborne et al., 2009).
Furthermore, the mammalian and Drosophila Dot1 complex, DotCom, was recently purified
and it was demonstrated that its specific H3K79 trimethylation functions in the Wnt
signaling pathway (Mohan et al., 2010).

Based on the observation that H3K79 is hypermethylated in euchromatin and
hypomethylated in heterochromatin, it has been proposed that methylation of H3K79 plays
an indirect role in telomeric silencing, perhaps by restricting the association of the Sir
proteins with euchromatin, thereby enhancing their assembly on telomeric heterochromatin
(Ng et al., 2002; van Leeuwen et al., 2002). Consistent with a function such as a boundary
factor, it has been proposed that the loss of Dot1, or mutations changing K79 of H3 to
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another residue, results in spreading of the Sir proteins beyond the heterochromatic regions
of the few regions tested (Ng et al., 2002; Shilatifard, 2006; van Leeuwen et al., 2002).
Conversely, it has been shown that the loss of the Sir proteins results in the intrusion of
H3K79 methylation into heterochromatin, suggesting that the Sir proteins assembled on
heterochromatin in turn restrict access of Dot1 to these telomeric regions (Ng et al., 2002;
van Leeuwen et al., 2002).

To better understand the role of H3K79 methylation via Dotl in TPEV, we identified and
tested a series of mutants that differentially effect H3K79 di- and/or tri-methylation. As
described below, our study suggests that the loss of Dot1 does not globally alter Sir2/3
occupancy in the subtelomeric regions, indicating that other factors in addition to H3K79
methylation are required for the regulation of Sir2/3 occupancy in the subtelomeric regions.
Furthermore, our studies show that H3K79 methylation established by Dot1 does not play a
role in the maintenance of natural silencing of telomeric and HM loci.

Ard1 was required for proper normal levels of H3K79 trimethylation

A systematic genome-wide screen of the yeast deletion collection for mutants that affect
H3K79 methylation previously revealed that Swi4 and Swi6 are required for H3K79 di-, but
not trimethylation (Schulze et al., 2009). Employing the same methods, ARD1 was identified
as a factor that is required for maintaining the proper levels of trimethylated H3K79, with no
global effect on dimethylated H3K79 (Supplementary Figure 1A-D). In addition, strains
deleted for ARD1 also had reduced levels of histone H2B monoubiquitination
(Supplementary Figure 2A). However, Ard1 was not required for the proper expression of
several of the known genes required for H2B monoubiquitination, as its deletion did not
grossly change the steady-state level of the mRNASs tested (Supplementary Figure 2B). Ardl
and Natl are in a complex, however, our GPS analysis demonstrated that H3K79
trimethylation levels are a bit higher in nat1 null strains than in ard1 null background (data
not shown). More detailed molecular analysis is required to understand the links between
Ardl and Dotl and the Ard1/Natl complex and silencing. However, our finding suggests
that Ard1 regulates the establishment of H3K79 trimethylation by regulating the H2B
monoubiquitination levels either directly or indirectly.

Di- and trimethylation of H3K79 were required for URA3 reporter expression on TEL-VII-L

Histone H3K79 methylation catalyzed by Dotl is required for silencing of the URA3
reporter gene located near the end of chromosome 7 (TEL-VIIL) (Ng et al., 2002; van
Leeuwen et al., 2002). To determine whether di- and trimethylated forms of H3K79 are
specifically required for URA3 silencing, we scored the phenotype of cells whose only copy
of URAS3 is at this location (TELVII::URA3) (Gottschling et al., 1990). Wild-type cells were
resistant to 5-FOA (Supplementary Figure 2C), indicating that URA3 expression is silenced.
In contrast, cells lacking RAD6, which are unable to monoubiquitinate H2BK123, a pre-
requisite for H3K79 trimethylation, were sensitive to 5-FOA, and therefore, defective for
silencing of URA3 expression. Consistent with the requirement for H3K79 trimethylation in
gene silencing, ard1A mutants were defective in the silencing of reporters at the telomeres
and at the silent mating-type loci (Aparicio et al., 1991; Mullen et al., 1989; Whiteway et al.,
1987). To determine the requirement for H3K79 dimethylation in telomeric silencing, we
tested the sensitivity of TEL-VIIL::URA3 strains deleted for SW14 to 5-FOA, and also
observed reduced growth similar to rad6A cells (Supplementary Figure 2C).

We confirmed the results of the reporter-based silencing assay with gene expression data
using Affymetrix Gene Chip Yeast Genome 2.0 Arrays (see M&M) (Figure 1A). The pattern
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of gene expression upon the loss of ARD1 was very similar to the loss of either DOT1 or
SWI4, resulting in derepression of a small number of genes lying within 20 kb of the
chromosome ends (Figure 1A). This result suggests that both di- and trimethylation of
H3K79 are required for a minor telomere-associated silencing of gene expression at these
loci.

H3K79-mediated telomere-associated gene silencing was limited and uneven

A more detailed analysis of our gene expression data on a chromosome-by-chromosome
basis revealed several unexpected findings that challenge the prevailing view of Dotl as a
general regulator of TPEV. Although we did observe loss of derepression at a small number
of telomeres, including near TEL-IL, TEL-1IR, TEL-VIIL and TEL-XIIIR, genes near the 28
other telomere ends in budding yeast showed no substantial change in natural expression in
the absence of H3K79 methylation or in cells lacking Dotl (Figure 1B).

Because of the degree to which the URA3 reporter is silenced is proportional to its proximity
to the chromosome end (Aparicio and Gottschling, 1994), we therefore limited further
analysis of our expression data to genes within 10 kb of telomeres. Based on these criteria,
we found that only a handful of genes increased their natural expression in dot1A, swi4A and
ard1A mutants (Figure 2A). The genes closest to a chromosome end — YFRO57W (TEL-VIR)
and AAD3 (TEL-11IR) and YOL166W-A)—were not derepressed in the absence of H3K79
methylation (Figure 2A-B). Interestingly, the gene whose silencing was most affected by
loss of H3K79 methylation, COS12, resides near the site of the URA3::TEL-VIIL that is
commonly used as a reporter of telomere-associated gene silencing (Gottschling et al., 1990;
Singer et al., 1998; van Leeuwen et al., 2002) (Figures 1B and 2A-B).

To alleviate the possibility that our observations are indirect due to the deletion of SWI4,
SWI6 and ARD1, we also generated a series of DOT1 alleles by mutating several conserved
lysine residues within Dot1. The resulting mutants were marginally defective in H3K79
trimethylation (dot1-3), tri and dimethylation (dot1-2), and tri-, di- and a bit of
monomethylation (dot1-1) (Figure 2C). When we analyzed the expression level of several
telomeric genes in these mutants, we found that that COS12 expression on TEL-VIIL
requires proper H3K79 di- and trimethylation (Figure 2D). Taken together, our results
suggest that only a few genes on specific telomeres are derepressed upon loss of H3K79
methylation.

Genome-wide localization pattern of Sir2/Sir3 and H3K79 methylation

Using ChIP-on-chip, we compiled detailed genome-wide maps of the Sir proteins, Sir2 and
Sir3, and compared them to previously published data for H3K79 di- and trimethylation
(Schulze, et. al 2009) primarily focusing on telomere-proximal regions which we define here
as being within 20 kB from the chromosome ends (Figure 3A, Supp Figure 3 and 5). As
previously shown, Sir2 and Sir3 bound to all 32 telomere proximal regions and the silent
mating-type loci HML/HMR (Sperling and Grunstein, 2009; Tsankov et al., 2006), whereas
H3K79 di- and trimethylation had low levels at almost all of the telomere ends. Consistent
with each chromosome end having a distinct composition of telomeric and subtelomeric
elements (Pryde and Louis, 1999), each telomere-proximal region had a unique pattern of
Sir protein binding and H3K79 methylation. In general, regions bound by Sir proteins were
mostly devoid of H3K79 di- or trimethylation supporting the idea of Sir proteins binding
and H3K79 methylation being mutually exclusive (Figure 3A, Supplemental Figure 3). To
explore the spatial relationship between the Sir proteins and H3K79 methylation more
closely, we compared the patterns of Sir2 and H3K79 di- and trimethylation at all genes
(Figure 3B). The average enrichment scores for Sir2 as well as H3K79 di- and
trimethylation were calculated for all open reading frames (ORFs) and hierarchically
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clustered. Genome-wide, Sir2, H3K79me2 and H3K79me3 were associated with different
groups of ORFs; and within the first 20 kB of all telomere ends, the algorithm clearly
separated ORFs bound by Sir2 from ORFs enriched for H3K79 methylation (Figure 3B).

Other factors in addition to the H3K79 methylation pattern could regulate Sir2/3 occupancy
at telomeres

To explore the previously proposed role of H3K79 methylation in regulating the binding of
Sir proteins at telomeres, we assessed Sir protein binding in the absence of H3K79
methylation. Using ChIP-on-Chip, we mapped Sir2/Sir3 binding across the genome in cells
lacking DOT1 to determine if the binding patterns were altered compared to wild-type cells
(Figure 3B, 4 and Supplemental Figure 4 and 5). Only at a few of the telomeres did Sir
protein binding notably change upon loss of Dotl, while at the majority of the telomeres, the
Sir2/Sir3 binding profiles in the absence of Dotl appear to be similar to those of wild-type
cells (Figure 4, Figure 3B and Supplemental Figure 4 and 5). The few changes observed
were fully consistent with our gene expression data. Loss of Dot1 resulted in some increased
Sir3 occupancy at the subtelomeric regions of chromosomes I1IR and XIVR (Figure 4A),
which was associated with an increased in silencing and lower expression of the genes
AAD3 and COS10 found in these regions. At other subtelomeric regions, such as XIIIR, loss
of Dot1 caused a marginal decrease in Sir2 binding and coincided with a derepression of
YMR323W, a gene located in that region (Figure 4B). Strikingly, the few genes such as
COS12 or YAL067C, which were derepressed in cells lacking DOT1, were not bound by Sir
proteins in the presence or absence of Dotl, indicating that the effect on gene expression at
these loci is independent of Sir2/3 (Figure 4C). Instead, some of these genes are marked
moderately by both H3K79 di- and trimethylation and changes in their expression could
likely be due to the elimination of H3K79 methylation itself as the result of the deletion of
DOT1 (Figure 4C). The region around COS12 on the left arm of chromosome VI is
challenging to analyze because it shows a high level of unspecific background enrichment
when compared to mock-IP’s, similar to a few other subtelomeric regions (JMS and MSK,
unpublished data). Therefore, to meet this challenge, we normalized our data against mock
controls, thus providing the most stringent assessment of protein binding and histone
modifications in this repetitive region.

Histone H3K79 methylation by Dotl is not required for proper HM silencing

Based on URA3 reporter studies, it has been proposed that histone H3K79 methylation by
Dotl is required for proper HML and HMR silencing, in addition to its role in the regulation
of telomeric silencing (van Leeuwen et al., 2002). In this study, we re-evaluated the role of
H3K79 methylation in silencing at HML silencing by measuring natural silencing at this
loci. Therefore, we analyzed the sensitivity of cells to different concentrations of the mating
pheromone alpha factor. In wild-type haploid MATa cells, a-specific genes such as the alpha
factor receptor STE2 are expressed, allowing for arrest in the G1 phase of the cell cycle in
the presence of increasing amounts of the alpha factor peptide. When HML and HMR
silencing is disrupted, as occurs in sir2A and sir3A mutants, genes at the cryptic mating loci
are expressed, including the alpha2 gene at HML, which represses the expression of a-
specific genes such as STE2. Thus, these mutants are insensitive to the presence of alpha
factor and no effect on growth is observed, even at the highest concentrations of alpha factor
(Figure 5). Using the same assay, we found that the loss of Dot1 had no effect on growth
resistance to increasing concentrations of alpha factor compared to an isogenic wild-type
strain, suggesting that H3K79 methylation is not required for proper silencing of mating
type loci (Figure 5). Surprisingly though, a single point mutation in H3K79 itself displayed a
similar phenotype to that of one with a deletion of Sir2 and/or Sir3 (Figure 5). In addition,
our microarray studies in strains bearing an H3K79A mutation demonstrated that the
expression mating pheromone alpha2 is up-regulated whereas alpha2 expression is
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unchanged in dot1 null strains (data not shown). Thus, H3K79A, but not methylation by
Dot1 affects HML silencing. In contrast, both strains (H3K79A and dot1 null) show
deprepression of COS12 on TEL-VIIL (data not shown).

DISCUSSION

Our data on Dotl suggests that its role in heterochromatic transcriptional regulation is
context-dependent and limited to a few telomeres. Our microarray studies demonstrated that
the natural expression pattern of only 2 of the 31 unique genes located within 10 kb of a
chromosome end were derepressed 2-fold or more in dotlA, or other mutants altering the
pattern of H3K79 methylation. Of all of the unique genes within 10 kb of a chromosome
end, only COS12 (YGL263W) and SEO1 (YALO67C) were derepressed in mutants missing
H3K79 methylation. It seems significant that the gene nearest the telomere whose
expression is most affected by H3K79 methylation, COS12/YGL263W, is also near the
location of the TEL-VIIL::URA3 gene that has been extensively used to report the status of
telomere-associated gene silencing and to identify the DOT genes involved in telomeric
gene silencing.

In the generation of strains for TPEV studies, the ADH4 gene, which naturally lies within 15
kb from the chromosome end, was replaced with a URA3 reporter with the concerted loss of
the subtelomeric repeats and installation of a new tract of telomere sequences (TG1.3)
(Gottschling et al., 1990). In our hands, unlike COS12, the natural expression pattern of
ADH4 was marginally altered by the loss of H3K79 methylation (data not shown). These
findings indicate that the replacement of URA3 in the ADH4 loci and the deletion of the rest
of the TEL-VIIL along with the installation of a new tract of telomere sequences (TG1.3)
following the URA3 spatially localized URA3 where COS12 naturally resides in the genome.
Therefore, URA3 in its artificial location at TEL-VIIL behaves just like COS12 would in its
natural location. Consistent with this observation, Rossman et al., (in this issue)
demonstrated that in dot1 null cells, URA3 expression is also up-regulated in a strain that
deletes COS12 and replaces it with ADH4::URAS3.

One possible explanation for our observations regarding the natural derepression of the
telomeric-associated genes in the absence of H3K79 methylation might be explained by the
fact that these genes are expressed at low levels, and therefore, are not detected via
microarray studies. To address this possibility, we have analyzed the intensity of expression
for many of the unique telomeric genes and have found them either to be repressed or not
highly expressed at all. It is hard to distinguish between these two modes of transcriptional
regulation unless one has mutant(s) that result in their derepression. In the case of TEL-VII-
L, we detect low intensity of expression for COS12 in the wild-type cells. However, in the
absence of H3K79 methylation, the intensity of expression for COS12 is increased,
indicating that H3K79 methylation plays an essential role in COS12 transcriptional
regulation. Given the fact that H3K79 methylation is associated within COS12 loci,
derepression of COS12 in the absence of Dotl can be explained by a direct role for H3K79
methylation in transcriptional regulation and not TPEV.

Additionally, variable and limited silencing of expression via insertion of reporters near
chromosome ends were previously reported (Pryde and Louis, 1999). Silencing of URA3
inserted at different positions near the ends of several chromosomes varied from chromsome
to chromsome and from location to location within the same chromosome. Those results are
similar to what we observed with direct assays for the natural expression of genes in their
native locations near chromosome ends. Another study that used DNA microarrays to probe
for the expression of telomere-associated genes found that deletion of YAF9 and SAS5,
which encode YEATS-domain proteins involved in telomere-associated gene silencing, only
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affects the expression of genes near certain chromosome ends (Zhang et al., 2004). Our
findings that the loss of Dot1 and H3K79 methylation has no detectable effect on
maintenance of HML silencing (Figure 5) questions the generality of the role of Dot1 and
H3K79 methylation in heterochromatic silencing in yeast.

In the work presented here, we confirm and substantially extend previous observations about
mutually exclusive occupancy of subtelomeric regions by either the Sir proteins or H3K79
methylation, which was derived from one chromosome end (Ng et al., 2002; van Leeuwen et
al., 2002). We show here that across the entire genome, loci enriched for the Sir2 and Sir3
proteins are mostly depleted of H3K79 methylation. One possible mechanism for the
opposing activities of H3K79 methylation and Sir protein binding might be related to the
competition between Dotl and Sir3 for a binding site on histone H4 (Altaf et al., 2007;
Fingerman et al., 2007). However, the negative correlation between H3K79 methylation and
Sir binding does not necessarily reflect a causal relationship between their occupancies
across all telomeres. As such, our data on the effects of Dot1 on the distribution of Sir
proteins at natural telomeric gene loci are consistent with previously published data.
Specifically, we confirmed that the loss of Dot1 resulted in a slightly reduced binding of
Sir2 and Sir3 to the right end of chromosome VI (Ng et al., 2002; van Leeuwen et al., 2002).
Extending these data from a single chromosome end to a genome-wide scale, we observed a
similar reduction in Sir2 and Sir3 binding at several subtelomeric regions. However, this
likely constitutes a telomere-specific and thus context-dependent effect of H3K79
methylation on Sir protein binding, as Sir2 and Sir3 binding to other subtelomeric regions
was not affected by the loss of Dotl. In addition, and consistent with prevailing models, we
found that Dot1 prevented the spread of heterochromatin at a limited number of telomeres,
as judged by increased binding of Sir3 at loci more distal to the telomere ends. Consistent
with this explanation, Sir3 and Sir4 have been shown to bind regions distant from silent
domains and repress genes more than 100 kB from heterochromatic loci only upon the
simultaneous loss of HTZ1 and SET1 as determined by DamID (Venkatasubrahmanyam et
al., 2007).

The role of Dotl is not restricted to heterochromatin at telomeres, but might also extend to
the silent mating type loci HML and HMR. A recent study has elegantly revealed the crucial
steps during heterochromatin formation at the HML locus at single-cell resolution (Osborne
et al., 2009), supporting earlier kinetic studies of heterochromatin establishment derived
from bulk cultures (Katan-Khaykovich and Struhl, 2005). At the native HML locus, loss of
Dot1 accelerates the establishment of silencing presumably through exerting an effect on Sir
binding, therefore indicating that Dot1 activity is involved in a specific step of the process
(Osborne et al., 2009). However, the altered kinetics of the heterochromatin establishment
caused by loss of Dot1 has minimal effects on gene silencing at the natural HML (Osborne
et al., 2009). This is further supported by studies using bulk yeast cultures showing that
silencing of both native silent mating type loci is independent of Dot1 (Yang et al., 2008).
Thus our data measuring steady-state expression of native HM loci are consistent with the
lack of requirement for Dot1 under those conditions. In contrast, artificially compromising
HM silencing by either genetic or DNA sequence-based manipulations necessitates a
requirement for Dotl in this process. Only in combination with a deletion of SIR1 (Osborne
et al., 2009; van Welsem et al., 2008) or at a synthetic HML-E silencer (Weber and
Ehrenhofer-Murray, 2010) does loss of Dot1 cause derepression of the HM loci. Taken
together, our study shows that the role of Dotl and H3K79 methylation on telomeric and
HM silencing is limited, in contrast to previous conclusions from reporter assays. This
questions the use of URA3 as a reporter assays for measuring natural silencing. In support of
this conclusion, an accompanying study by Rossmann et al. (published in this issue)
independently demonstrated that the URA3 reporter assay at telomeres does not reflect on
heterochromatin formation, but rather reports on an imbalance in ribonucleotide reductase
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levels, indicating that metabolic changes caused by 5-FOA are incompatible with the use of
URAS3 as a reporter for TPEV.

Materials and Methods

Global Proteomic Analysis of Histone Modifications

GPS analyses were carried out as described previously (Schneider et al., 2004) with the use
of antibodies specific for dimethylated (Upstate/Millipore) or trimethylated Lys 79 (Abcam)
and for dimethylated Lys 4 of histone H3 (Abcam).

Microarray analysis of gene expression—Yeast cells were grown in a rich liquid
media and harvested at an ODggg of 0.7 for RNA purification. Biotinylated cRNA was
prepared from 1 ug Total RNA using the MessageAmp Il one-cycle linear amplification
protocol from Ambion (Austin, Tx) and used to probe Affymetrix (Santa Clara, CA)
GeneChip. Data from this study were analyzed as described in the Supplemental Methods.

Chromatin Immunoprecipitation and Genome-wide ChlIP-on-Chip

Genome-wide ChIP-Chips were performed and analyzed as previously described (Schulze et
al., 2009). A detailed description can also be found in the Supplemental Methods.

Generation of dotl alleles

The mutations of the dot1-1, dot1-2, and dot1-3 are multiple point mutations of lysine to
arginine. The dot1-3 has substitutions of lysines ranging from K106 through K443, in which
all lysines were substituted with arginine (K106-443R). The dot1-2 contains further
substitutions of lysines (K106-508R) in addition to mutations of dot1-3. In the dot1-1, all the
lysines from K105 to the C-terminus of Dot1 were substituted to arginine including lysines
(K106-579R) in addition to the ones substituted in the dot1-2. The dot1 alleles were cloned
into pRS315 in the form of Spel restriction site-5'UTR (450bp)-dotl ORF-3'UTR (230bp)-
Smal restriction site by using Spel and Smal. The H3K79 methylation states and gene
expression profiles were examined in the dot1-(1-3) mutant strains transformed with those
dotl plasmids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Histone H3K79 methylation and telomeric silencing

(A) Barplots indicating gene expression ratios of mutant/wt in log2 format for 106 genes
within 20kb of the chromosome ends. The genes are ordered left to right in terms of
increasing distance from the end of the chromosome. (B) Heatmap of gene expression
within 20 kb of the end of the 16 yeast chromosomes in swi4A, ard1A, and dot1A strains,
which are specifically defective in di- and trimethylation of H3K79 respectively, are
compared to a wild-type strain. Gene expression ratios are indicated by colored rectangles
with red indicating a higher expression in the mutant, and green indicating a higher
expression in the wild-type cells. Gray indicates equal expression in both strains. The color
scale is plus or minus 3-fold. The numbered rectangles indicate the ends of each yeast
chromosome. The genes within 20 kb of the end of the left arm of each chromosome are
indicated to the left of the gray line in each rectangle, whereas genes within 20 kb of the end
of the right arm of the chromosome are indicated to the right of the gray line. “L” and “R”
indicate the left and right arm of each chromosome.
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Figure 2. Histone H3K79 methylation effects on natural telomere-associated gene expression
(A) The log2 ratio of gene expression for mutant/wt is shown for genes within 5kb of
chromosomal ends. The dashed grey line indicates two-fold enrichment in the mutant over
wt. (B) Table of gene expression values. The log2 ratio of gene expression for mutant/wt is
shown for genes within 5kb of chromosomal ends for the mutants indicated in the table,
along with the chromosomal position of the gene, the gene midpoint, and the distance
between the midpoint and the end of the chromosome. (C) H3K79 methylation status in cells
expressing dotl-1, dotl-2, and dot1-3 alleles were examined by Western blotting using anti-
H3K79 mono-, di- and trimethylation specific antibodies. Dotl alleles were cloned in
pRS315 vector as described under Materials and Methods. Dotl (G401R) is a catalytically
dead mutant (van Leeuwen et al., 2002). dot1-3 exhibits slightly less accumulation of
H3K79 trimethylation, but comparable levels of dimethylation than wild-type; while dot1-2
and -1 lost most of their H3K79 tri- and dimethylation with an observed slight loss in the
H3K79 monomethylation signal in dot1-1. (C) Gene expression analysis using dot1-1, -2,
and -3 strains. The ratio of gene expression in log2 format for various Dot1l mutants relative
to wt is shown for four genes within 5 kb of the chromosomal ends.
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Figure 3. High-Resolution profiles of Sir2, H3K79me2 and H3K79me3

A) 20 kb of chromosome ends I to 111 were plotted along the x axis against the relative
occupancy (R/O) of Sir2, H3K79 di- and trimethylation in WT cells. Superimposed ChlP-
on-chip profiles indicated the distinct distribution of Sir2 and H3K79 methylation. Each
chromosome end was unique for its Sir2, H3K79me2 and H3K79me3 occupancy. B) ORFs
bound by Sir2 separated from H3K79 di- and trimethylated ORFs. Heatmap visualizing the
average enrichment of Sir2 in WT and dot14 cells as well as H3K79me2 and H3K79me3 for
all known yeast ORFs (left panel) and for all ORFs within 20kB from the chromosome ends
(right panel). Each row color-codes the average enrichment score for a particular ORF on

the spectrum from red indicating enrichment to blue for depletion. The distribution patterns
were hierarchically clustered and plotted.
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Figure 4. Minor alterations of Sir2 and Sir3 binding at subtelomeric regions corresponded to
observed gene expression changes

A) The right arms of chromosome 11 and XIVR were plotted along the x axis against the
relative occupancy (R/O) of Sir3 in a wild-type and dot1 deletion strain. Increased Sir3
occupancy coincided with a lower expression of AAD3 and COS10. B) The right arm of
chromosome XIII was plotted along the x axis against the relative occupancy of Sir2 in a
wild-type and dotl deletion strain. Decreased Sir2 occupancy coincided with a higher
expression of YMR323W. C) The left arms of chromosome V11 and chromosome | were
plotted along the x axis against the relative occupancy of Sir2 in a wild-type and dotl
deletion strain as well as H3K79 di- and trimethylation. Only minor changes in Sir2
occupancy were observed at the subtelomere of ChrVIIL and ChrlL in the absence of
H3K79 methylation. The superimposed profiles with H3K79me2 and H3K79me3 indicate
that COS12 and YALO67C were moderately enriched for H3K79 methylation and not Sir2.
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Figure 5. Histone H3K79 residue is required for proper mating type silencing, but Dot1 and
H3K79 methylation does not play a role in this process

Wild-type, dotlA, sir3A, or H3K79A strains were plated on YPD and tested for growth
inhibition in the presence of the indicated concentration of alpha factor in a halo assay test.
Both sir3A and H3K79A mutants were resistant to alpha factor arrest. However, strains
lacking H3K79 methylation due to deletion of DOTL1 are inhibited to a similar extent as the
wild-type strain. This indicates that H3K79 methylation in itself is not required for proper
HML silencing.
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