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ABSTRACT

Chz1p is a histone chaperone that interacts physi-
cally and functionally with the histone variant
Htz1p, which has been implicated in establishing
and maintaining boundaries between tran-
scriptionally inactive heterochromatin and active
euchromatin. To investigate the role of Chz1p in
chromatin organization, we performed genome-wide
expression arrays and chromatin immunopreci-
pitations of SIR complex components and modified
histones in a CHZ1 deletion strain. Deletion of CHZ1
led to reduced ubiquitination of subtelomere-
associated H2B, reduced subtelomeric H3K79
di-methylation, and increased binding of Sir3p, and
Sirdp at telomere-distal euchromatin regions,
correlating with decreased gene expression in
subtelomeric regions. This anti-silencing defect
appears to be mediated by enhanced association of
de-ubiquitinase Ubp10p with subtelomeric DNA,
as detected by chromatin immunoprecipitation
analysis. In support of this, we show that deletion
of UBP10 can antagonize the subtelomeric silencing
phenotype of Achz1. Taken together, the results
demonstrate a novel role for Chz1p in epigenetic reg-
ulation, through H2B de-ubiquitination by Ubp10p.

INTRODUCTION

Eukaryotic genomes are structured into two distinct,
interchangeable states. Heterochromatin is distinguished
from euchromatin by its condensed nature and its
relative inaccessibility to the transcriptional apparatus.
Thus, euchromatin is readily transcribed; whereas, hetero-
chromatin forms transcriptionally repressed regions of the
genome. Understanding the mechanisms underlying these
different epigenetic states, and the transitions between
them, is fundamental to understanding expression of the

genome and is known to involve at least three unique, but
not mutually exclusive, activities: DNA methylation,
posttranslational modification of histones and nucleosome
remodeling. While there are some differences between
silencing and activating mechanisms in different organ-
isms, the major epigenetic mechanisms controlling
histone modifications and nucleosome remodeling are
extremely well conserved between yeast and higher organ-
isms (1-3).

Although most of the genome of Saccharomyces
cerevisiae can be characterized as transcriptionally acces-
sible, S. cerevisiae also contains heterochromatin-like
regions that include silent mating type loci (HML and
HMR), the rDNA (encoding ribosomal RNA) and
subtelomeric regions. These loci have been studied
comprehensively to gain insight into gene silencing mech-
anisms (4) and have revealed a process whereby Raplp
recruits Sirdp, which in turn forms a complex with Sir2p
and Sir3p. NAD "-dependent histone de-acetylase activity
of Sir2p, leads to histone H4 tail de-acetylation,
transcriptional silencing and the recruitment of additional
SIR complex proteins. However, of the Sir2-4 proteins,
only Sir2p is required for rDNA silencing (5-7). At this
locus, Sir2p-mediated silencing involves the RENT
complex (8).

However, the molecular mechanisms of chromatin
silencing extend beyond this simple model. For example,
Dotlpis a histone lysine methyltransferase that methylates
histone H3K 79, and absence of Dotlp leads to a complete
loss of H3K 79 methylation and defects in heterochromatin-
mediated silencing (9). Loss of Hst3p and Hst4p results in
hyperacetylation of H3K56 and subsequent telomeric
silencing (10). Sas2p is the catalytic subunit of the yeast
histone acetyltransferase SAS complex, which is essential
for maintaining the accurate silencing at subtelomeric
regions (11-13). The ubiquitin protease Ubp10p regulates
the global balance of H2B ubiquitination and loss of
UbplOp causes decreased silencing in subtelomeric
regions (14). Ubpl0p association with chromatin reduces
both H2B Lys123 ubiquitination at subtelomeric regions
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and is also known to reduce H3 Lys4 and Lys79
methylation. Maintenance of low histone ubiquitination
by Ubp10p correlates with SIR association in subtelomeric
regions (15). However, disruption of any one of the above
mechanisms has only incomplete consequences on gene
expression, signifying that these anti-silencing factors
likely have redundant roles.

If not for the presence of anti-silencing factors to antag-
onize the ‘local spread’ of Sir-mediated silencing, genes
at adjacent loci would be inappropriately silenced.
The histone H2A variant Htzlp plays a central role in
preventing ectopic heterochromatin spread. The loss of
HTZ]I results in the spreading of SIR proteins at the
mating locus HMR, and at a subset of chromosome
ends (16-18). Histone chaperones are also now thought
to play key roles in the maintenance of chromatin
dynamics (19); several studies have shown that
misregulation of telomere heterochromatin results from
inactivation of histone chaperones, such as CAF-1 and
RTT106 (20). Chzlp is a histone chaperone that shows a
preference for H2AZ-H2B over H2A-H2B and cooperates
with the SWRI1 complex in the exchange of H2A for
Htzlp (21,22). NMR structure analysis has revealed that
Chzlp might also have an important role in H2A-H2B
eviction from nucleosomes during the SWRI1-catalyzed
replacement reaction (23).

We previously demonstrated a role for Htzlp in
chromatin dynamics and the regulation of oleate-
responsive promoters (24); the association of Htzlp with
these promoters was Chzlp dependant. As Htzlp is
involved in the regulation of heterochromatin spreading,
physical and functional interaction between Htzlp and
Chzlp led us to test whether Chzlp is also involved
in subtelomeric gene expression. In this study, we used
genome-wide  expression arrays to uncover an
uncharacterized function of the histone variant chaperone
Chzlp in the maintenance of subtelomeric anti-silencing.
Defects in anti-silencing seen in mutant Achzl yeast
strains are not due to altered acetylation of histone
H4K16 (like Ahtzl), but instead appear to be linked to
reduced levels of histone H3K79 di-methylation at
subtelomeric regions, resulting in the redistribution of
SIR proteins and heterochromatin formation within
normally euchromatic regions. Moreover, we present
evidence showing that Chzlp mediates the reduction of
Ubpl0p association with subtelomeric regions. Absence
of CHZ]I results in increased association of ubiquitinated
H2B with chromatin, which leads to the observed decrease
in H3K79 di-methylation in subtelomeric regions.
Thus, this study reveals a novel role for Chzlp in
heterochromatin formation.

MATERIALS AND METHODS
Yeast stains

Genotypes of yeast strains used in this study are described
in Table 1. Yeast genetic manipulations were performed
following standard methods. Myc-epitope tags (9 repeats)
were added at the C-termini of Sir2p, Sir3p and Sirdp as
described previously (24). The tagged Sir2-4 strains had

similar mating efficiencies as the corresponding wild-type
strain. Asir3 cells failed to mate in a quantitative mating
assay (data not shown), suggesting that the Sir2-4 fusion
proteins were functional.

In vivo histone H3K79 di-methylation assay

For the analysis of in wvivo bulk histone H3K79
di-methylation modifications in different mutant strains,
whole-cell extracts were prepared as previously described
with minor modifications (14). Briefly, 50ml cultures
were grown overnight at 30°C to mid-log phase. Cells
were harvested by centrifugation and then lysed in 200 ul
of lysis buffer [SOmM HEPES pH 7.9, 2mM EDTA,
0.25M NaCl, 0.1% SDS, 0.1% sodium deoxycholate
(NaDOC), 1% Triton X-100 and 1 x Protease Inhibitor
Cocktail (PIC)]. For immunobloting, aliquots of cell
lysates containing equal protein amounts were resolved
by SDS-PAGE on 12% polyacrylamide gels, the proteins
were transferred to nitrocellulose and immunoblotted
with an H3K79 di-methyl antibody.

Isolation of ubiquitinated H2B

The relative levels of ubiquitinated histone H2B (ubH2B)
in different strains (wild-type, Achz1, Aubp10 and htb1-KR)
were determined by purifying histone H2B using an
N-terminally Flag-tagged histone H2B and subsequently
detecting the different forms of H2B wusing rabbit
anti-Flag-HRP antibody as described previously (25).

Chromatin immunoprecipitation

ChIP analyses were performed as described previously
(24). For successive chromatin immunoprecipitation
from the same sample (ChDIP). Chromatin was isolated
and incubated with an anti-Flag antibody. Precipitated
protein complexes were subjected to a second immunopre-
cipitation with an anti-HA antibody, and eluted under
standard ChIP conditions. The purified ChIP samples
were used for qPCR analysis.

Real-time qPCR was performed by using an iCycler
instrument (ABI 7900) and a DyNAmo Flash SYBR
green qPCR kit. The average of the results of three inde-
pendent replicates is reported as the relative amplification
of each target of interest compared to a normalization
control amplicon within the non-promoter IGRi
YMR325W. The occupancy level was determined by
dividing the relative abundance of an experimental
target by the relative abundance of a control target. This
ratio represents the enrichment of ChIP DNA over the
input DNA for a specific target versus the control. All
oligonucleotides sequences are listed in Supplementary
Table S1.

Transcript DNA microarray analysis

Total RNA was prepared from exponentially growing
yeast cells grown in YPD using hot acid phenol extraction.
Expression microarray analyses were performed as
described previously (24). All experiments were performed
with duplicate experimental and duplicate technical
replicates of each condition, and the log;, of the average
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Table 1. Relevant yeast strains used in this study

Strain Genotype Reference
YWYO003 MATa, his341, leu2A0, met1540, ura3A0 Open
YWY004 MATa, his341, leu2A0, met15A40, ura3A0, htzl::kanMX4 Open
YWY161 MATa, his3A1, leu2A0, met15A0, ura3A0, chzl::kanM X4 Open
YWY679 MATa, his341, leu2A0, met1540, ura3A0, dotl::hphMX This study
YWY682 MATa, his3A1, leu2A0, met1540, ura3A0, dotl::hphMX chzl::kanM X4 This study
YWY731 MATa, his3A1, leu2A0, met15A0, ura3A0, brel::kanM X4 This study
YWYS8I12 MATa, his3A1, leu2A0, met15A40, ura3A0, brel::kanM X4 chzl:natMX This study
YWYS813 MATa, his3A1, leu240, met1540, ura3A0, rad6::kanM X4 Open
YWY814 MATa, his3A41, leu2A0, met1540, ura3A0, rad6::kanM X4 chzI:natMX This study
YWYS8I5 MATa, his3A1, leu2A0, met1540, ura3A0, ubpl0::hphMX This study
YWYS816 MATa, his3A1, leu2A0, met1540, ura3A0, ubpl0::hphMX chzl::natMX This study
YWY723 MATa, his3A1, leu2A0, met1540, ura3A0, ubp8.::kanM X4 Open
YWY796 MATa, his3A1, leu2A0, met15A0, ura3A0, ubp8::kanM X4 chzl:natMX This study
YWYS822 MATa, his3A1, leu2A0, met1540, ura3A0, brel::kanM X4 ubp10.::hphM X This study
YWYS823 MATa, his341, leu2A0, met15A0, ura3A0, brel::kanM X4 ubpl0::-hphMX chzl::natMX This study
YWYR24 MATa, his3A1, leu2A0, met1540, ura3A0, rad6::kanM X4 ubp10::hphM X This study
YWY825 MATa, his3A1, leu2A0, met1540, ura3A0, rad6: -kanM X4 ubpl10::hphMX chzl::natMX This study
YWYS826 MATa, his341, leu2A0, met1540, ura3A0, brel::kanM X4 rad6::hphM X This study
YWYR27 MATa, his3A1, leu2A0, met1540, ura3A0, brel::kanM X4 rad6::-hphM X chzl::natMX This study
YWYO013 MATa, leu2A0, ura3A0, HA-HTZ1 This study
YWYO0165 MATa, leu2A0, ura3A0, HA-HTZ, chzl::kanM X4 This study
YWY423 MATa, leu2A0, ura3A0, HA-HTZ, nap::hphMX This study
YWY284 MATa, his3A1, leu2A0, met1540, ura340, SIR2-9MYC::natM X This study
YWY286 MATa, his341, leu2A0, met1540, ura3A0, SIR3-OMYC: :natMX This study
YWY296 MATa, his3A1, leu2A40, met1540, ura340, SIR4-9MYC: :natMX This study
YWY292 MATa, his341, leu2A0, met1540, ura3A0, SIR2-OMYC::natMX chzl::kanM X4 This study
YWY294 MATa, his3A41, leu2A0, met1540, ura340, SIR3-IMYC::natMX chzl::kanM X4 This study
YWY412 MATa, his3A1, leu2A0, met15A40, ura340, SIR4-9MYC::natMX chzl::kanM X4 This study
YWY671 MATa, his341, leu2A0, met15A0, ura3A0 UBPI10-GFP:his5 Open
YWY696 MATa, his3A1, leu2A0, met1540, ura340 UBP10-GFP:his5 chzl::kanM X4 This study
YWY750 MATa ura3-1 leu2-3,-112 his3-11,-15 trpl-1 ade2-1 htb1-1 htb2-1 (39)
pRS314 [Flag-HTBI-CEN-TRP1] pRG145 [GAPDHprom-3HA-UBI4-URA3 Integrative]
YWY759 MATa ura3-1 leu2-3,-112 his3-11,-15 trpl-1 ade2-1 htbl-1 htb2-1 This study
pRS314 chzl::kanMX [Flag-HTBI-CEN-TRP1] pRG145 [GAPDHprom-3HA-UBI4-URA3 Integrative ]
YWY751 MATa ura3-1 leu2-3,-112 his3-11,-15 trpl-1 ade2-1 htbl-1 htb2-1 (39)
pRS314 [Flag-htb1-KR-CEN-TRPI] pRG145 [GAPDHprom-3HA-UBI4-UBA3 Integrative]
YWY760 MATa ura3-1 leu2-3,-112 his3-11,-15 trpl-1 ade2-1 htbl-1 htb2-1 This study

PpRS314 ubpl0::hphM X [Flag-HTBI-CEN-TRP1] pRG145 [GAPDHprom-3HA-UBI4-URA3 Integrative ]

mRNA abundance ratios are reported. Differentially
expressed genes were identified by maximum-likehood
analysis (A > 100) and significantly affected genes in the
mutants were identified by a change in expression of
2-fold or more compared to the expression in the
relevant wild-type strains. Significantly differentially
expressed genes were analyzed as previously described
(26) by using Excel (Microsoft) for chromosome position
analysis.

RESULTS AND DISCUSSION
Chz1p regulates transcription of telomere-proximal genes

The previously reported physical interaction between
Htzlp and Chzlp suggests that Chzlp may have a role
in Htzlp-mediated boundary activity that antagonizes the
spread of subtelomeric silencing. We predicted, therefore,
that boundaries in Achzl cells would not be stably main-
tained and these cells would display different tran-
scriptional ~ profiles  relative to  their  wild-type
counterparts. To test this hypothesis, we compared the

global steady-state mRNA levels between logarithmically
growing Ahtzl and Achzl null cells using DNA
microarrays (representing 6271 yeast ORFs) (24) and
analyzed the chromosomal locations of the significantly
affected genes. This analysis yielded 162 and 217 genes
that significantly increased and decreased in expression,
respectively, in the absence of CHZI. Of the genes that
decreased in expression in this experiment, 75 also
decreased in expression in the absence of HTZI
(Supplementary Figure S1A).

Visual examination of the list of Achzl downregulated
genes revealed that many are located in subtelomeric
regions (Figure 1A). Similar results have been reported
for an HTZ1 deletion strain (12), but the magnitude of
the effect of Achzl was less than that observed for Ahtzl.
As in the case of Htzlp, genes within ~20 kb of telomeres
appear to be enriched for those upregulated by Chzlp;
10% of genes between 0 and 20kb of telomeres are
activated by Chzlp, whereas genes >60 kb from telomeres
are depleted for Chzlp-activated genes (Table 2). We also
note that genes upregulated by deletion of CHZI appear
to be randomly distributed throughout the genome
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Figure 1. Genes exhibiting aberrant expression in cell lacking CHZI
map to distinct chromosome regions. Chromosome position analysis
was done on genes with significant differential expression in Achzl that
were repressed (A) or induced (B) more than 2-fold. For each gene, the
distance to the nearest telomere was determined and these distances were
grouped into 5-kb bins and plotted as a function of telomeric distance.
The shaded histograms indicate the distribution of telomeric distances
for all ORFs plotted at one-third scale on the y-axis.

Table 2. Genes requiring Chzl for normal expression are enriched
near telomeres

Interval (kb) Ahtzl Achzl
Fraction P Fraction P

0-10 0.368 8.5E-57 0.135 1.91E-09
10-20 0.190 5.82E-12 0.077 2.09E-02
20-30 0.086 0.248 0.050 0.615
30-40 0.114 0.007 0.036 0.998
40-50 0.073 0.539 0.034 0.996
50-60 0.040 0.0763 0.034 0.997

> 60 0.040 2.86E-05 0.031 0.280

(Figure 1B). These results are consistent with our pre-
dicted role for Chzlp in Htzlp-mediated anti-silencing
at subtelomeric regions; however, upon closer examina-
tion of the data, we found that the expression profiles
of specific genes within ~50 kb of the telomeres were dif-
ferent for the two deletion strains (Achzl and Ahtzl). The
majority of genes appeared to be specifically down-
regulated by either Ahtzl or AchzInot both
(Supplementary Figure S1B). Overall, these data suggest

a steady-state alleviation of telomeric repression in cells
lacking CHZ1, supporting a biological role for Chzlp in
maintaining chromosomal boundaries in these regions;
however, the distinct subsets of genes regulated by
Htzlp and Chzlp suggest functional and mechanistic dif-
ferences in their anti-silencing roles.

Htz1p association with subtelomeric DNA is independent
of Chzlp

Htzlp has been shown to bind preferentially near
telomeres and at regions flanking the silent mating type
loci, where it antagonizes the effects of gene silencing by
heterochromatin (18). The physical and functional con-
nections between Htzlp and Chzlp suggest that Chzlp
might facilitate the assembly or remodeling of
Htzlp-containing nucleosomes in subtelomeric regions,
leading to changes in the transcription of targeted genes.
Accordingly, we compared the subtelomeric binding of
Htzlp in wild-type and Achzl mutant cells using formal-
dehyde cross-linking and chromatin immunoprecipitation
(ChIP). ChIP assays were used to monitor Htzlp occu-
pancy on the right arm of chromosome VI in vivo. In
wild-type cells, levels of Htzlp increased from telomere
proximal probes to telomere distal probes, consistent
with previous studies (Figure 2) (12). Surprisingly, follow-
ing deletion of CHZI, the association of Htzlp with
telomere-proximal regions was not dramatically reduced.
Therefore, we concluded that Chzlp is not required for
Htzlp incorporation to subtelomeric regions. These
results were similar at all other telomere-proximal loci
examined (n = 6; data not shown).

It has been previously shown that a fraction of
unincorporated Htzlp—-H2B dimers in cell extracts is
associated with Naplp, and that Naplp-Htzlp-H2B
complexes are capable of providing Htzlp for
SWRI1-mediated histone replacement in vitro (21,22).
Interestingly, unlike the CHZI deletion, disruption of
NAPI can dramatically affect the deposition of Htzlp
on subtelomeric regions (Figure 2). Therefore, in agree-
ment with the microarray data, Htzlp deposition on
chromatin (and consequent gene expression) does not
depend on Chzlp, further supporting distinct roles for
Chzlp and Htzlp in chromatin function in subtelomeric
regions. Further genome-wide localization analysis of
Htzlp in the absence of Chzlp may provide additional
insights into their functional relationships.

An absence of Chzlp leads to aberrant binding of Sir3p
and Sirdp at subtelomeric regions

To investigate whether Chzlp regulates subtelomeric
silencing through interaction with chromatin, we
immunopurified Chzlp and examined its associated
chromatin. However, these ChIP-chip experiments failed
to detect (stable) association of Chzlp with chromatin
(data not shown). This suggested that Chzlp indirectly
influences the formation of silent chromatin at
subtelomeric regions, perhaps by mediating the interaction
between silencing factors and subtelomeric chromatin. To
investigate this possibility, we investigated SIR proteins
and telomere-associated histone modifications in cells
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lacking Chzlp. SIR proteins are restricted to telomere
proximal heterochromatin by modification of histones
located in euchromatin, such as acetylation of H4K16
by the histone acetyltransferase Sas2p (27-29). To deter-
mine if the subtelomeric anti-silencing defect in Achzl
mutant is caused by an ectopic spread of components of
the SIR complex, ChIP was used to compare the patterns
of Sir2p, Sir3p and Sird4p association in wild-type and
Achzl strains. Primer sets targeting DNA from 0 to
20kb from telomere ends were used to amplify the
immunoprecipitated DNA. Results from ChIP experi-
ments revealed considerable enrichments of Sir2p
(42-fold), Sir3p (25-fold) and Sirdp (47-fold) with
regions adjacent to telomeres (within 0.5kb), whereas
the association of the SIR complex at several
telomere-distal euchromatic genes appeared to be at back-
ground levels (Figure 3). As shown in panel A, the asso-
ciation of Sir2p with heterochromatin was not affected by
the absence of CHZ] in either telomere-distal or telomere
proximal regions (Figure 3A).

Binding of Sir3p and Sir4p at telomere-distal locations
was observed in the Achzl strain (Figure 3B—C). Indeed,
the association of Sir3p and Sirdp with subtelomeric
chromatin in the Achzl mutant was significantly increased
compared to wild-type cells within 4kb of the telomere
end. This does not appear to be a result of transcriptional
misregulation of S/R genes in the Achzl mutant, as we did
not observe altered transcript levels of any of the known
Sir silencing proteins by microarray analyses (data not
shown). These data suggest that in the absence of
Chzlp, Sir3p and Sirdp binding may spread from
telomeres into subtelomeric regions, increasing silencing
of normally expressed genes. It is also possible that
Sir3p and Sirdp do not redistribute from the telomeres
to other sites of the chromosome, but rather may come
from a SIR complex pool within nucleus (30,31). This
suggestion is supported by ChIP assays with Raplp.

Nucleic Acids Research, 2010, Vol. 38, No.5 1435

Raplp initiates silencing by recruitment of the SIR
complex (4) and in the absence of Chzlp, Raplp
binding to telomere proximal regions was increased
(Figure 3D). We interpret this to suggest that increased
association of Raplp contributes to the maintenance of
Sir3p and Sird4p near telomere regions in the absence of
Chzlp and that Chzlp normally functions to inhibit SIR
complex protein binding at the euchromatin regions
adjacent to silenced regions.

Di-methylation of H3K79 at subtelomeric regions
requires Chzip

It has been demonstrated that histones, and
predominantly histone modifications, play an important
role in transcriptional silencing, promoted in part by a
complex of SIR proteins that bind to the modified
nucleosomes. We therefore used ChIP and quantitative
PCR to examine four major histone modifications
present in subtelomeric chromatin to illuminate the
specific defect imparted by the absence of Chzlp:
acetylation of H4K16 and K3K56 and methylation of
H3K4 and K3K79. H4K16 acetylation, is a target of
Sir2p de-acetylation, and as expected, was found
enriched in euchromatic compared to heterochromatic
regions (Supplementary Figure S2A). However, no
dramatic changes in the abundance or distribution of
H4K 16 acetylation were observed in Achzl cells. As a
control for antibody specificity, and consistent with
previous reports (12), H4K 16 acetylation at subtelomeric
regions showed only background occupancy in a Asas2
strain (Supplementary Figure S5A). Similarly, H3K56,
another recently identified target of Sir2p (13), was
found to be more abundant distal to the telomere end,
but this normal distribution and abundance was unaltered
in Achzl cells (Supplementary Figure. S2B). These data
are consistent with our observation that there are no
defects in Sir2p distribution across a subtelomeric region
of Achzl cells (Figure 3), and suggest that the
anti-silencing defect observed in AchzlI cells is not due to
alterations in H4K 16 or H3K 56 acetylation.

There are also two well-characterized histone
methylation modifications important for the organization
and maintenance of specialized chromatin regions like
subtelomeres in yeast: Setlp-mediated H3K4 methylation
and  Dotlp-mediated H3K79 methylation (32).
Di-methylated K4 and K79 on histone H3 are lost from
subtelomeric regions upon establishment of silencing. In
Achzl cells, the level of di-methylated K4 on histone H3
was not greatly reduced relative to wild-type (Figure 4A);
however, di-methylation of K79 on histone H3 was dra-
matically reduced in Achzl cells throughout the
subtelomeric region examined (Figure 4B). As a control
experiment, the same subtelomeric region was analyzed in
a Adotl mutant and H3K79 di-methylation was not
detected (Supplementary Figure S5B), confirming the anti-
body’s specificity to its target. Consistent with previous
reports (9,33), complete loss of this modification in the
Adot] mutant resulted in diminished Sir3p association to
subtelomeric regions (Supplementary Figure S4).
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Figure 3. Deletion of Chzlp leads to increased binding of Sir3p and Sirdp to subtelomeric chromatin. The association of Sir2p (A), Sir3p (B), Sirdp
(C) and Raplp (D) with subtelomeric chromatin regions was determined by ChIP using anti-myc antibodies, followed by qPCR. The relative
enrichment ratio for each is plotted. 4CT/ was used as an internal control to normalize signals of enrichment. Error bars show the standard
deviation from three independent biological replicates with two technical replicates of each.

It has been proposed that the region surrounding
H3K79 is a direct target for Sir3p and/or Sirdp binding
(34). H3K79 methylation may, therefore, prevent Sir3p
and/or Sirdp from binding to this region of the

nucleosome surrounding H3K79 and the redistribution
of Sir3p and Sirdp in the Achzl mutant may result from
decreased H3K79 methylation. Together, these data
suggest that Chzlp function is specifically linked to



enhancing H3K79 di-methylation in subtelomeric regions.
This interpretation is consistent with the increased binding
of Sir3p and Sirdp to telomere proximal regions in the
absence of Chzlp, as H3K79 methylation is known to
interfere with Sir3p and Sirdp binding (35,36).

To understand how the loss of Chzlp leads to decreased
subtelomeric H3K79 di-methylation, we first asked if the
defect was local at chromosome ends, or was due to a
reduction in cellular levels of di-methyl H3K79. There
was no detectable change in the cellular levels of H3K79
di-methylation in AchzI cells (Supplementary Figure S3).
Controls were consistent with previous observations
(14,15); that is, a complete absence of detectable H3K 79
di-methylation in Adotl and increased levels of di-methyl
H3K79 in Aubpl0 strains (which indirectly leads to
increased H3K79 as discussed below) (Supplementary
Figure S3). Therefore, abnormal SIR protein binding in
Achzl cells is not a result of overall decreased levels of
Dotlp-dependent di-methylation of K79 on histone H3.

Chzlp is necessary for ubiquitination of
chromatin-associated histone H2B

It has been previously shown that H2B ubiqitination leads
to increased histone H3 methylation and normal levels of
subtelomeric H3 methylation require the ubiquitin
conjugase, Rad6p and the ubiqutin ligase Brelp
monoubiquitinate histone H2B at Lys123 (ubH2B)
(20,37,38). We therefore asked whether decreased
subtelomeric H3K79 methylation in Achzl mutant cells
was a result of reduced H2B ubiquitination. To do so,
we compared levels of ubH2B in subtelomeric regions of
wild-type and AchzI mutant cells expressing FLAG tagged
H2B and HA-tagged ubiquitin using a chromatin double
immunoprecipitation (ChDIP) assay. H2B was first
enriched via the FLAG tag and the subpopulation of
ubH2B was further enriched by subsequent immunopreci-
pitiation using anti-HA. The levels of HA-ubH2B-FLAG
were also determined in /thI-KR, a strain bearing a
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substitution mutation of the H2B ubiquitination site,
which serves as a negative control for the assay.
Consistent with previous studies (39), wild-type cells had
low ubH2B levels near the chromosome end, and higher
levels at regions distal to the telomere (Figure 5A). In
contrast, Achzl cells had very low levels of
HA-ubH2B-FLAG at chromosome regions both
proximal and distal to the telomere end. The levels of
chromatin associated ubH2B in Achzl were statistically
indistinguishable from that of the negative control
htb1-KR.

It is possible that the reduced levels of chromatin
associated ubH2B in the Achzl mutant are a result of a
global reduction in cellular levels of ubH2B. To test this,
the cellular levels of ubiquitinated H2B in a Achzl strain
were compared to those in a wild-type strain and in
a strain with a deletion of UBPIO de-ubiquitinase
(Figure 5C). Aubpl0 was chosen as a control because
UbplOp is known to mediate H2B de-ubiquitination,
and has been shown to function directly at silenced
chromatin (15). Surprisingly, a noticeable increase of
global levels of ubiquitinated H2B was detected in the
Achzl mutant. The levels were comparable to those
observed in the deletion of UBPI0. As expected,
ubiquitination was not detected in the /4thI-KR strain con-
taining a mutated target of H2B ubiquitination. This
increased global ubH2B in Achzl mutant does not
appear to associate with chromatin directly, as we have
shown a decreased level of chromatin-associated ubH2B
in this strain (Figure 5A). Perhaps there is a pool of
ubH2B in the nucleus that is not chromatin associated.
It is unclear why global levels of ubH2B increase in
CHZI mutant, whereas chromatin-associated levels
decrease. One possibility is that decreased chromatin-
associated ubH2B in the Achzl strain is a result of
increased chromatin association of the de-ubiquitinase
Ubp10p, which sequesters it from ubH2B substrates that
are free in the nucleus. Elucidation of this global
phenotype requires further analysis.
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Figure 4. Di-methylation of H3K79 near telomeres is dramatically reduced in the absence of Chzlp. ChIP was performed on wild-type and Achz1
mutant strains. Formaldehyde cross-linked protein-DNA complexes were immunoprecipitated by using antibodies against individual di-methylated
H3 lysine residue 4 (A) and 79 (B). Relative enrichment values (v axes) are the averages of the results from three independent ChIPs with qPCR
determination performed twice per biological replicate. Non-promoter IGRi YMR325W was used as an internal control to normalize signals of

enrichment.
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Figure 5. Deletion of CHZ]I leads to enhanced association of Ubpl0p
near telomeric regions. (A) Double chromatin immunoprecipitation
(ChDIP) of ubH2B. Formaldehyde cross-linked chromatin was
obtained from wild-type, Achzl and htbI-KR mutant cells bearing
Flag-tagged H2B and HA-tagged ubiquitin. Relative enrichment
values (y axes) are the averages of the results from three independent
ChIPs with qPCR determination performed twice per biological
replicate. Non-promoter IGRi YMR325W was used as an internal
control to normalize signals of enrichment. (B) ChIP assays of
UbplOp were performed using anti-GFP antibody specific for GFP
tag fused to the C terminal of UbplOp. All values are the averages
of the at least three independent experiments. Errors bars represent
the standard deviation. (C) Chzlp negatively regulates histone H2B
ubiquitination. Global steady-state H2B ubiquitination levels from
whole-cell lysates were assayed using anti-FLAG antibodies that recog-
nize the FLAG epitope placed on the N terminus of H2B expressed
from a plasmid and replacing the native HTBI gene. Aubpl0 and
hthI-KR serve as positive and negative control strains for H2B
ubiquitination, respectively. The loading equivalents (one and
one-fourth) are indicated above each lane.

In conclusion, deletion of CHZ]I results in decreased
abundance of chromatin-associated ubH2B, which is not
a result of decreased cellular levels of ubH2B. In
subtelomeric regions, this defect appears to result in
decreased di-methylation of H3K79, leading to
dysregulation of subtelomeric silencing.

Chz1p antagonizes the association of Ubp10p with
subtelomeric regions

We hypothesized that deletion of CHZI causes a defect in
the association of regulators of H2B ubiquitination in
subtelomeric regions. We specifically focused on whether
Chzlp function is associated with UbplOp binding for
three reasons: Ubpl0p mediates H2B de-ubiquitination,
and has been shown to function directly at silenced
chromatin (15), Chzlp does not appear to associate
stably with chromatin (data not shown); and Chzlp
appears to have a chaperone function (21,23). We used
GFP-tagged UbplOp as a bait and performed ChIP
assays in wild-type and Achzl cells. As shown in
Figure 5B, the association of Ubpl0-GFP at subtelomeric
regions was dramatically higher in Achzl mutant cells than
wild-type cells. This does not appear to be due to
increased expression of UBPI0 because microarrays and
western blot analyses failed to detect differences in the
UBPI0 mRNA and protein levels (Supplementary
Figure S7). The increased recruitment of UbplOp to
subtelomeric regions and the concomitant reduction of
chromatin-associated ubH2B in Achzl mutant cells
indicate that an important function of Chzlp is regulating
subtelomeric  anti-silencing through mediating the
disassociation of UbplOp, and as a result, controlling
levels of ubH2B in subtelomeric regions. It will be inter-
esting to determine if the association of Ubp10p or other
H2B de-ubiquitinases is altered at other chromosomal
locations.

In order to characterize the role of Chzlp in
ubiquitination of chromatin-associated H2B, we per-
formed a genetic analysis to understand functional inter-
actions between Chzlp and factors involved in H2B
ubiquitination, including Rad6p (an E2 ubiquitin ligase)
and Brelp (required for Rad6p association with H2B)
(38), and Ubpl0p. While deletion of RAD6 alone led to
a growth defect compared to wild-type, double deletion of
RAD6 and CHZI resulted in a more severe defect at 37°C,
which was subtle, but reproducible (Figure 6;
Supplementary Figure S6). Moreover, the growth defect
is more severe when UBPI0 was deleted from rad6/chz1
double mutant (Figure 6). CHZ! deletion did not show an
increased growth defect when combined with double
deletion of BREI and UBPI0. In addition, we also did
not observe genetic interaction between CHZI and
DOTI (Supplementary Figure S6). These results indicate
that Chzlp has genetic interactions with factors involved
in H2B ubiquitination. This does not appear to involve a
stable physical interaction of Chzlp with Ubp10p, Brelp
or Radé6p, as we did not detect association by immunopre-
cipitation experiments. In addition, deletion of Chzlp
does not appear to affect cellular levels of these proteins
by western blotting (Supplementary FiguS7).

To further investigate the potential relationship between
Chzlp and UbplOp, we compared the gene silencing
profiles in subtelomeric regions of Achzl, AubplO and
Achzl AubplO double mutant strains using microarray
analysis. The results are summarized in Figure 7. For
each strain, the group of subtelomeric genes (within
50kb of telomeres) that is down-regulated by 2-fold is
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Figure 6. Genetic interaction between CHZ! and factors involved in H2B ubiquitination. Five-fold serial dilutions of each indicated haploid strain
were spotted on complete medium containing 2% glucose for 3 days at 25°C, and for 2 days at 30, 33 and 37°C and photographed.
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Figure 7. Comparison of genes with altered transcriptional profiles in
Achzl, AubplO and Achzl, AubplO mutants. Venn diagram depicting
the numbers of genes affected in their transcriptional levels
(downregulated > 2-fold) within 50kb from telomeres as detected by
microarray in Achzl, Aubpl0 and AchzI, Aubpl0 mutant strains.

depicted as a circle. Overlap between datasets is repre-
sented by overlap of the circles. Consistent with previous
reports, we identified 54 genes in Aubpl0 cells that had
decreased expression of 2-fold or greater, 8 out of the 54
genes are within 50kb of telomeres (green circle). In
contrast, deletion of CHZ] resulted in reduced expression
of 47 subtelomeric genes within 50 kb of telomeres (orange
circle). Interestingly, the downregulated genes in the
double mutant (blue circle) shared no overlap with
the down-regulated genes in Achzl; but most of the
downregulated genes in the Achzl/Aubpl(O) double
mutant are the same as those downregulated in the
Aubpl0 single deletion strain, suggesting the UBPI0
mutant is epistatic to the Achzl mutant. Thus, Aubpl0
can antagonize the subtelomeric expression phenotype in
AchzIl, and suggesting that Chzlp functions to reduce
association of UpblOp with subtelomeric regions.

Here, we have characterized a function for Chzlp in the
control of subtelomeric anti-silencing in yeast. We
identified decreased gene expression in subtelomeric
regions in the absence of CHZI. These regions are
normally blocked from the spread of silencing factors
that dominate the telomeric regions; but, this
anti-silencing activity is compromised by the absence of
Chzlp. Cells lacking HTZ 1 have a similar phenotype, and

Htzlp has a well-characterized boundary function and
prevents the ectopic spread of silencing factors to
subtelomeric loci (18). In addition, previous reports have
suggested that Chzlp acts as a molecular chaperone for
Htzlp (H2A.Z) (21). However, while Htzlp and Chzlp
can form a complex (21), characterization of Achzl cells
revealed that they appear to function in distinct physio-
logical pathways to regulate subtelomeric anti-silencing.

Htzlp deletion leads to the spread of Sir2p (and Sir3p)
to adjacent euchromatin regions, whereas loss of Chzlp
leads to increased binding of Sir3p and Sirdp, but not
Sir2p within normally euchromatic regions. This differ-
ence may be responsible for the differences in the histone
H4 acetylation patterns in these chromatin regions; the
pattern appears normal in Achzl cells, but in Ahtzl cells
H4 becomes hypoacetylated (18). The reduced expression
of subtelomeric loci in Achzl cells corresponds to
hypomethylation of H3K79. We interpret this to be a
result of Chzlp regulating ubiquitination of H2B, which
in turn, maintains optimal H3K 79 di-methylation in active
chromatin. In the absence of Chzlp, there is an increased
association of UbplOp with chromosome ends, which
leads to increased de-ubiquitination of H2B, decreased
H3K79 di-methylation, and abnormal binding of SIR
proteins. Taken together, these data suggest a novel
function for Chzlp in anti-silencing near telomeres.
Further investigation into the molecular mechanisms by
which Chzlp modulates histone H2B ubiquitination will
yield greater insight into the function of this histone
variant chaperone in chromatin regulation.
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