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Long-range heterochromatin association is
mediated by silencing and double-strand DNA

break repair proteins

Jacob G. Kirkland and Rohinton T. Kamakaka

Department of Molecular, Cell and Developmental Biology, University of California, Santa Cruz, Santa Cruz, CA 95064

he eukaryotic genome is highly organized in the
nucleus, and this organization affects various nu-
clear processes. However, the molecular details of
higher-order organization of chromatin remain obscure.
In the present study, we show that the Saccharomyces
cerevisiae silenced loci HML and HMR cluster in three-
dimensional space throughout the cell cycle and in-
dependently of the telomeres. Long-range HML-HMR
interactions require the homologous recombination (HR)

Introduction

Eukaryotic genomes are highly organized within the nucleus,
and the genome of the budding yeast Saccharomyces cerevisiae
is no exception (Taddei et al., 2010; Zimmer and Fabre, 2011):
the 16 centromeres cluster at the spindle pole body (Jin et al.,
1998, 2000), and the 32 telomeres localize at the nuclear periph-
ery in five to eight clusters (Gotta et al., 1996; Laroche et al.,
1998), whereas the ribosomal DNA (rDNA)-containing nucleolus
localizes opposite the centromeres (Gotta et al., 1997). Some
of the determinants for this organization are known (Maillet
et al., 1996; Laroche et al., 1998, 2000; D’ Ambrosio et al.,
2008; Haeusler et al., 2008). Telomeric clustering is dependent
on Esc1/Ku70, Rapl, and Sir4 proteins (Teixeira et al., 2002;
Schober et al., 2008, 2009) as well as SUN proteins and mem-
brane tethering (Chikashige et al., 2006; Antoniacci et al., 2007;
Bupp et al., 2007; Grund et al., 2008; Mekhail and Moazed,
2010; Zimmer and Fabre, 2011), and loss of clustering results in
a weakening of silencing. However, the identities of additional
pathways and factors remain to be determined.

The silenced HML and HMR loci are located 10 and
20 kb from the telomeres on chromosome III. Although a large
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repair pathway and phosphorylated H2A (y-H2A). y-H2A
is constitutively present at silenced loci in unperturbed
cells, its localization requires heterochromatin, and it is
restricted to the silenced domain by the transfer DNA
boundary element. SMC proteins and Scc2 localize to
the silenced domain, and Scc2 binding requires the pres-
ence of y-H2A. These findings illustrate a novel pathway
for heterochromatin organization and suggest a role for
HR repair proteins in genomic organization.

distance separates these loci, they are found in close proximity
in three-dimensional space, clustering together at the nuclear
periphery (Miele et al., 2009). Silencing at these loci initiate at
silencers (Rine and Herskowitz, 1987; Pillus and Rine, 1989),
which recruit the silent information regulator (Sir) proteins,
leading to the formation of a heterochromatic domain (Rusche
et al., 2003). At HMR, a tDNA acts as a barrier to the spread of
silencing, whereas at HML, the CHAI promoter mediates bar-
rier function (Donze et al., 1999; Donze and Kamakaka, 2001;
Oki and Kamakaka, 2005; Dhillon et al., 2009).

Although genomic organization affects proper gene
regulation (Ahmed and Brickner, 2007; Brickner, 2009; Taddei
et al., 2009), it may also play a role in other nuclear processes
(Mekhail and Moazed, 2010; Nagai et al., 2010, 2011). DNA dam-
age occurs spontaneously in cycling yeast cells, and >25% experi-
ence damage in each cell cycle (Lisby et al., 2001, 2003; Lisby and
Rothstein, 2004). Damaged DNA is repaired to avoid chromosomal
rearrangements (Branzei and Foiani, 2008; Lisby and Rothstein,
2009; van Attikum and Gasser, 2009; Polo and Jackson, 2011;
Deem et al., 2012). In haploid yeast, the lesion is predominately
repaired through the nonhomologous end joining (NHEJ) path-
way in G1, whereas in G2, repair is primarily via homologous
© 2013 Kirkland and Kamakaka  This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a
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recombination (HR; Aylon and Kupiec, 2004). Upon detection
of a double-strand break (DSB), the MRX (Mrell-Rad50—
Xrs2) complex binds the break (Kinoshita et al., 2009; Stracker
and Petrini, 2011), and in HR-mediated repair, histone H2A in
nucleosomes are phosphorylated on Serine-129 (y-H2A) by
Tell or Mecl1 (Flott et al., 2007; Polo and Jackson, 2011). Phos-
phorylation of H2A helps stabilize the binding of the repair ma-
chinery. H2A phosphorylation is followed by the recruitment of
the resection machinery (Srs2 and Exol) and then the late re-
pair proteins (Rad51, Rad52, Rad54, and Rdh54 among others)
are recruited to the single-stranded resected DNA (Heyer et al.,
2006; Keogh et al., 2006; Wu, 2008; Mortensen et al., 2009).
This leads to homology recognition, strand invasion, and repair
(Sugawara et al., 2003). In addition, replication proteins and
the structural maintenance of chromatin (SMC) proteins play a
direct role in repair (Holmes and Haber, 1999; Unal et al., 2004,
Wang et al., 2004; Cortés-Ledesma et al., 2007; De Piccoli et al.,
2009; Bose and Gerton, 2010; Wood et al., 2010). The silenc-
ing proteins are also recruited to breaks and affect the kinetics
of repair through an as yet unknown mechanism (Martin et al.,
1999; Mills et al., 1999; Tamburini and Tyler, 2005).

Although spontaneous DNA breaks can occur anywhere
in the genome as a consequence of environmental factors, they
frequently occur at specific fragile sites during DNA replication
(Deshpande and Newlon, 1996; Lopes et al., 2001; Mirkin and
Mirkin, 2007; Schleker et al., 2009; Zegerman and Diffley, 2009;
Branzei and Foiani, 2010). Beyond spontaneous damage, site-
specific endonucleases also generate DSBs during mating-type
switching. Mating-type switching involves gene conversion of the
MAT locus, initiated by the generation of a DSB at this locus by the
HO endonuclease in the G1 phase of the cell cycle. During HO-
mediated gene conversion, the silenced HML or HMR loci physi-
cally interact with the MAT locus, and the HR repair machinery
along with replication and SMC proteins use sequences at HM to
repair the break at MAT (Haber, 1998; Holmes and Haber, 1999;
Wang et al., 2004; Bystricky et al., 2009; Hicks et al., 2011).

In the current study, we aimed to identify the factors in-
volved in long-range HML-HMR clustering and elucidate the
mechanisms of heterochromatin clustering to identify potential
mechanisms that underlie genome organization. Here, we show
that silencing and HR repair proteins influence higher-order
chromatin organization in the yeast nucleus. We show a role for
silencers in clustering and also show that silencing plays a role
in the phosphorylation of S129 of H2A at HMR. We further
demonstrate that the tDNA insulator blocks the spread of this
modified histone mark beyond the silenced domain. We show
a novel role for the DSB repair machinery in this phenomenon
and propose a model in which both silencing and repair proteins
contribute to heterochromatic long-range interactions and ge-
nome organization by using specific DNA sequences and loci.

Results

HML and HMR cluster independent

of the cell cycle and mating type

It has previously been shown using 3C and fluorescence imaging
that HML and HMR physically interact and cluster together, and
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this association is dependent on the silencing proteins (Miele
etal., 2009). To better understand this clustering, we initially
inquired about the persistence of the association through the
cell cycle. We used a strain with 256 copies of the LacO operator
integrated near HMR and 128 copies of the TetO operator inte-
grated near HML (Bystricky et al., 2005). The strain also con-
tained the fusion proteins CFP-Lacl and YFP-TetR (Fig. 1 A).
A wide-field microscope was used to acquire optical slices of
live, unperturbed, asynchronously growing cells to measure
the distance between HML and HMR. Around 200 cells were
analyzed in each strain, and comparisons between strains are
presented as simple median distances, but it is important to con-
sider the change in the distribution of distances, which is better
reflected in the p-value between strains (Mann-Whitney U test;
p-values are between a wild-type [WT] strain and the strain of
interest unless otherwise stated). We measured the distances
between the HM loci and simultaneously scored the asynchro-
nously growing cells based on budding. The distances between
HML and HMR were 399 nm for unbudded cells and 388 nm
for budded cells (P = 0.79; Fig. 1 B). These data suggest that al-
though the nuclear volume increases in G2, the two loci remain
close to one another through the cell cycle. We also determined
the distances between these two loci in strains of opposite mat-
ing type and did not observe any difference (Fig. 1 C).

Long-range HML-HMR interactions

are telomere independent

TEL-IIIR (telomere IIIR) and TEL-IIIL (telomere IIIL) interact
with one another, forming a pseudocircular chromosome III
(Bystricky et al., 2005; Therizols et al., 2010). Because HML
and HMR are located ~10 and 20 kb, respectively, from the
telomeres, it was possible that the observed HM associations
were in fact telomere—telomere interactions (Bystricky et al.,
2005). To determine the role of the telomeres in HM clustering,
we deleted the HMR-FE silencer, such that the resulting strain
does not silence HMR, though silencing in the rest of the ge-
nome, including HML, remains unaffected. Loss of silencing
solely at HMR leads to a change in the long-range association
between the HM loci in a large number of cells (Fig. 1 D), sug-
gesting that silencing at HMR is necessary for HM clustering
and that proximity of HMR to TEL-IIIR is not a sufficient
driver for HM interactions. To test whether or not DNA sequence
homology was playing a role in the HM clustering, we replaced
the XYZ homology sequence present between the silencers at
HMR with the HIS3 gene. The HIS3 gene within HMR was
silenced (Fig. S1). Unexpectedly, the deletion of the XYZ sequence
led to a reduction in the long-range associations between the
HM loci (median = 713 nm; Fig. 1 D). This result suggests that
HML and HMR reside in close proximity to one another over
long distances through a mechanism that relies on silencing and
sequence homology.

In a second set of experiments, we moved the HMR locus
away from TEL-IIIR. We inserted a LacO array at the LEU2
gene (~80 kb from HML) and measured the distance between
the LEU2 locus and HML (Fig. 2 A). Our analysis indicates
that the LEU2 locus resides at a median distance of 612 nm
from HML. When a 3.5-kb HMR-containing fragment was
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Figure 1.

HML and HMR are in close three-dimensional proximity. (A) Schematic of budding yeast chromosome Ill with locations of TetO and LacO arrays.

(B-D) Boxplots of the distance between TefR-YFP and CFP-Lacl foci in asynchronously growing cells in G1 (n = 192) or G2/S (n = 136; B) in MATa (n = 153)
and MATa cells (n = 152; C) and in an hmreA strain (n = 353) and an xyzA strain (n = 202; D). P-values were calculated using a Mann-Whitney U fest
(Wilcoxon test). Data are from all cells counted from at least two independent trials (see Materials and methods). The boxes represent the middle 50% of
data points with the black lines showing the median of distances. Outliers are defined as distances >1.5 times the interquartile range (dashed lines) and

are represented by open circles.

inserted at LEU2, the distance between HML and HMR::LEU2
greatly decreased in a large population of cells (median = 321 nm,
P < 2.2 x 107'%), showing that clustering of HML and LEU2::
HMR is more frequent than between HML and LEU2 (Fig. 2).
These data again show that HM clustering is independent of its
proximity to TEL-IIIR. Moreover, this association between HML
and HMR at LEU2 was dependent on Sir4 (median = 551 nm,
P<2.2x 107 '%in a sir4A strain compared with HMR::LEU2),
comparable to the locus lacking HMR (P = 0.03 compared with
LEU?2). Recently, it has been shown that LacO arrays bind
Lacl, which leads to ectopic recruitment of silencing proteins

by the array (Dubarry et al., 2011). The results in Fig. 2 argue
against this phenomenon being the sole basis for the long-range
HM association.

Next, we performed an experiment in which HMR was
moved to different locations on chromosome VI to test whether
or not HMR can also drive an interchromosomal association.
A LacO array with or without the 3.3-kb HMR fragment was
integrated ~15 kb from the ChrVIR telomere or internally
(~60 kb from the centromeres on VIR; Fig. 3 A). Clustering
between HML on chromosome III and HMR on chromosome
VI were assayed. We did not observe any significant association

HR repair proteins and heterochromatin clustering ¢ Kirkland and Kamakaka
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Figure 2. Role of telomeres in HML and HMR proximity. (A) Schematic of chromosome IIl constructs for internal HMR analysis. A 64x LacO array inte-
grated at the LEU2 gene with or without a 3.3-kb fragment of HMR, a 128x TetO array at HML, and an hmrA at its native locus. (B) Boxplots of the dis-
tance between TetR-YFP and CFP-Lacl foci in a given strain: LEU2 (n = 228), HMR::LEU2 (n = 274), and HMR::LEU2 sirdA (n = 209). The boxes represent
the middle 50% of data points with the black lines showing the median of distances. Outliers are defined as distances >1.5 times the interquartile range
(dashed lines) and are represented by open circles. (C) A schematic of the HMR locus. (D-F) ChiP of ratio y-H2A/H3 (D), y-H2A (E), and H3 (F) compared
with the native locus (Fig. 6 C). Error bars represent standard deviation from the mean for n = 6 (WT) and n = 4 (internal).

between HMR on chromosome VI and HML at its native site on
chromosome III (Fig. 3 B). This is not totally unexpected given
the observation that HR is less efficient for loci present on two
different chromosomes as on the same chromosome (Lichten
and Haber, 1989).

This result raised the possibility that the association ob-
served between HML and HMR may be specific for chromo-
some III. To address this, we asked whether HML and HMR could
cluster together when both loci were located on chromosome V1.
In the strain in which HMR was integrated 60 kb from centro-
mere VI, we integrated a LacO array ~~16 kb from telomere VIL
with or without HML (Fig. 3 C). In the absence of HML at TEL-VIL,
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the HMR locus did not cluster with TEL-VIL, but in the presence
of HML at TEL-VIL, the HMR locus clustered with HML in a large
number of cells (Fig. 3 D). Clustering occurred even though HML
and HMR were not located equidistant from the centromeres.
These data show that the clustering of the two HM loci is not
chromosome I1I specific but a specific property of these two loci.

DNA DSB repair proteins contribute

to HMIL-HMR clustering in the nucleus

We next wished to know the identities of the proteins that play
a role in long-range HM association. We performed a directed
screen in nonperturbed, asynchronously growing cells for mutants
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Figure 3. HML and HMR proximity when placed on chromosome VI. (A) Schematic of chromosome Ill and chromosome VI. A 64x LacO array was
placed in one of two positions on the right arm of chromosome VI with or without HMR. (B) Boxplots of the distances between the TetO and LacO
arrays in each strain (Chrlll::HML + ChrVI-254kb, n = 178; Chrlll::HML + ChrVI-254kb::HMR, n = 159; Chrlll::HML + ChrVI-207kb, n = 109; and Chrlll::
HML + ChrVO-207kb::HMR, n = 133). (C) Schematic of chromosome VI. (D) Boxplots of the distances between the TetO and LacO arrays in each strain
(ChrVI-16kb + ChrVI-207kb, n = 160; and ChrVI-16kb::HML + ChrVI-207kb::HMR, n = 188). The boxes represent the middle 50% of data points with
the black lines showing the median of distances. Outliers are defined as distances >1.5 times the interquartile range (dashed lines) and are represented

by open circles.

in histone modifications, chromatin remodelers, and nuclear
transport. However, none of these mutants affected the long-
range association between HML and HMR (Fig. S1 C). Because
telomere clustering utilizes the NHEJ/HR-mediated repair
protein Ku, we screened DNA repair proteins. These included
Rad14, in the nucleotide excision repair pathway, Lif1, a mem-
ber of the NHEJ pathway that is not thought to play a major
role in the HR repair pathway, and Mrel 1, which plays a role in
the HR repair pathway. Loss of proteins specific to nucleotide
excision repair and NHEJ did not have a significant effect on
HM distances (median = 454 nm, P = 0.14; median = 480 nm,

P = 0.43, respectively; vs. 425 nm for WT). However, loss of
the HR protein Mrel1 (median = 782 nm, P < 2.2 x 107'%) led
to a significant increase in HM distances similar to those seen
with the loss of silencing proteins (sir4A: median = 840 nm,
P =22 x 107'%; Fig. 4 A). A more detailed analysis of the dis-
tribution pattern indicates that in ~60% of WT cells, HML and
HMR are in close proximity, whereas in mrel IA cells, these
two loci are in close proximity in <25% of the cells, indicating
that the change in median distribution is a result of a change in
a large number of cells in the population and not simply caused
by a change in a few outliers (Fig. S2 A).

HR repair proteins and heterochromatin clustering ¢ Kirkland and Kamakaka
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We then tested mutants in the early HR pathway—Mrel 1,
Rad50, Xrs2, Sae2, and Exol—all of which adversely affected
the proximity of HML to HMR to varying degrees (exolA: 632
nm, P=4.0x 107°; rad50A: 654 nm, P = 7.4 x 107'°; sae2A:
656 nm, P=1.3 x 107'% xrs24: 661 nm, P=3.1 x 10™%; and
mrellA: 782 nm, P <2.2 x 107'%; Fig. 4 B). Some of the early
HR repair proteins (specifically Mrel1 and Ku) are thought to
bind the telomeres in the absence of any damage, but late repair
protein association with telomeres in unperturbed cells is not
known; therefore, we investigated whether late repair proteins
also affected HM clustering. Surprisingly, members of the late
HR response pathway—Rad51, Rad52, Rad54, and Rdh54—all
affected long-range HM association, as their loss led to an
increase in the distance between the HM loci in large numbers
of cells (rdh54A: 642nm, P=3.1 x 10%; rad54A: 684 nm,P=1.5
x 1073 rad52A: 716 nm, P = 1.7 x 107'%; and rad51A: 743 nm,
P<22x107'9 p-values are from WT; Fig. 4 C).

We also tested mutants in SMC proteins and discovered
that mutations in these proteins lead to loss of HM interactions
as well (Fig. 4, D and G). These results suggest that all of these
proteins either directly or indirectly contribute to long-range
heterochromatin clustering.

Because the HM loci cluster throughout the cell cycle, it is
unlikely that mere cell cycle delay (some DSB repair mutants
spend more time in G2) is sufficient to explain the loss of HM
interactions. However, we analyzed the distances between the
HM loci in cells in G1 or S/G2. We performed this analysis in
strains lacking Mrell, Rad51, or mutants in y-H2A. There was
no difference in HM clustering as a function of cell cycle
phase for these strains, though we did observe a statistically
insignificant cell cycle—dependent difference for strains lacking
Rad51 (Fig. S2 B).

We next asked whether there was a mating type—specific
effect on HM clustering in these mutants. We measured dis-
tances between HML and HMR in both MATa and MAT cells.
Once again, we did not observe any difference in the clustering
of the HM loci as a function of mating type, either in the WT
cells or in cells lacking Mrel1 or Rad51 (Fig. S2 C).

The checkpoint proteins Tell and Mec! also did not have
an effect on HM association when deleted individually (median
for tellA: 513 nm, P = 0.015; meclA/smilA: 484 nm, P = 0.37;
Fig. 4 E). The mecl, tell, and smll mutant strains have senes-
cent phenotypes caused by shortened telomeres (Ritchie et al.,
1999), so these strains were not tested.

Tell and Mec1 perform some redundant functions, in-
cluding the phosphorylation of H2A (y-H2A), and so we as-
sayed an H2A mutant that could not be phosphorylated (Downs
et al., 2000). Strains that cannot phosphorylate H2A at Ser129
show a significant increase in HM distances (median = 727 nm,
P <22 x 107'% Fig. 4 E), showing that y-H2A was necessary
for long-range HM clustering.

Some DSB repair occurs at the nuclear periphery and
nuclear pore, and SUMO-targeted ubiquitin ligase proteins
Nup84, S1x5, and SIx8 affect this repair (Nagai et al., 2008; Oza
et al., 2009). However, loss of these proteins or another pore
protein, Nup60 (which localizes at the HMR boundary; Ruben
et al., 2011), did not affect HML-HMR interactions significantly

JCB « VOLUME 201 « NUMBER 6 « 2013

(Fig. 4 F). These data suggest that the SUMO-targeted ubiquitin
ligase pathway is not playing a major role in M interactions.
It was possible that the separation of the HM loci in the
mutants was caused by changes in nuclear size. We therefore
measured the diameter of the nucleus in WT and various mu-
tants. To assay nuclear periphery, we used a strain containing
an HDEL-dsRed fusion protein, which incorporates into lume-
nal membranes and marks the nuclear periphery (Madrid et al.,
2006; Ruben et al., 2011). Measurements of nuclear diameter in
WT and mutants show that the nuclear diameter changes slightly
in some of the mutants as compared with WT cells (Fig. S2 D).
We inquired whether the variation in diameter affected the dis-
tance between HML and HMR. The median distance between
HML and HMR was divided by the median nuclear diameter
and plotted relative to WT cells. The small differences in the nu-
clear diameter of the mutants did not alter our interpretation that
HMIL—-HMR clustering was disrupted in these mutants, and the
two loci were further apart in the nucleus of the mutants com-
pared with WT cells (Fig. S2 E). In conclusion, these data show
that HR repair proteins are directly or indirectly involved in
HM clustering, but not all DNA repair proteins are necessary.

Do DSB repair proteins play a role in
peripheral nuclear localization of HVIR?
Because DNA DSB repair proteins play a role in HM clustering,
we investigated their ability to affect the organization of these
loci in the nucleus. One possibility could be that HML and HMR
don’t cluster in the mutants because they are no longer tethered to
the nuclear periphery where they normally could come into con-
tact with each other (because of the restricted area they occupy).
To assay nuclear peripheral localization, we marked HMR with
a LacO array and the periphery with HDEL-dsRed fusion. The
distance between HMR and the nuclear periphery was measured
as was the diameter of the nucleus going through the GFP focus.
These distances allow one to divide the nucleus into two sections
of equal surface area and assign a locus to either the interior zone
or the peripheral zone (Fig. 5 A). Strains lacking HR proteins
Mrell and Rad51 did not exhibit a marked loss of peripheral
localization, whereas a previously published esc/A/ku70A con-
trol did (Fig. 5 B; reproduced from Ruben et al., 2011).

These data were also analyzed by dividing the nucleus
into two zones of equal volume and the conclusions remain un-
changed (Fig. 5, C and D). This finding shows that although
Mrell and Rad51 are not necessary for the peripheral local-
ization of HMR, mutations in these proteins still lead to a loss
in HM clustering, suggesting that they do not simply function
by bringing both loci in close proximity via tethering to the
nuclear periphery.

DSB repair proteins are not necessary

for HM silencing

Ku is a protein involved in both NHEJ- and the HR-mediated
repair, and mutations in Ku affect both clustering and telomeric
gene silencing (Maillet et al., 2001). It was therefore possible
that loss of HM silencing in strains lacking HR repair proteins
led to loss of long-range interactions. To test silencing, we built
both a and « strains that were deleted for a DSB repair protein
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Figure 4. DNA DSB repair proteins contribute to HM long-range interactions. (A) Boxplots of the distance between TetR-YFP and CFP-Lacl foci in a given
strain. Strains containing deletions in rad14A (n = 186), lif1A (n = 143), mre11A (n = 443), and sir4A (n = 134). (B) Strains containing deletions in early
HR repair proteins (exolA, n = 214; rad504A, n = 414; sae2A, n= 161; xrs2A, n = 123; and mrel 1A, the mrel 1A data are the same as in A and are
simply shown for easy comparison). (C) Strains containing deletions in downstream HR repair proteins (rdh544, n = 215; rad54A, n = 223; esc2A, n =
167; rad524, n = 163; and rad514, n = 676). (D) WT and a temperature-sensitive smcé-9 strain after 2 h at 37°C. (E) The checkpoint proteins tel14
and meclA/sml1A and a H2A mutant (tel1A, n = 143; mecl1A/sml1A, n = 184; and htal-129*A hta2-129*A, n = 437). (F) Nuclear pore proteins
and ubiquitin pathway proteins (nup844, n = 215; sIx54, n = 196; sIx84, n = 215; and nupé04, n = 210). (G) A point mutant scc2D730V. The WT
data in all panels (except D) are the same as in A and are simply shown for easy comparison. The boxes represent the middle 50% of data points with
the black lines showing the median of distances. Outliers are defined as distances >1.5 times the interquartile range (dashed lines) and are represented

by open circles.

HR repair proteins and heterochromatin clustering ¢ Kirkland and Kamakaka



816

B D

0,
100% 100% E W
mre11A
-~ Owrt 80% W rad51A
b E g? 5111AA W esc1Aku70A
0% W esc7Aku70A 60%
40% 0%
0
20% o
{J
- 0%

Zone 1 Zone 2

Zone 2

Zone 1

E YPD Growth YPD Growth o lawn

WT

sir4A sirdA

mre11A mre11A

rad51A rad51A

Figure 5. DSB repair proteins play a role in silencing and localization. (A) Schematic of a cell’s nucleus showing two zones of equal surface area and a
GFP focus. (B) Graph of the percentage of cells in each of two zones in a given strain for three independent trials the combined data for the three trials
is shown: WT (n = 132); mrel 1A (n = 122), P = 0.27; rad51A (n = 134), P = 0.90; and ku704/esc1A (n = 197), P = 5.8 x 1077, Data shown are
for all three trials combined, and p-values were determined by x? test compared with WT (see Materials and methods). The ku70A /esc1A data were
previously published (Ruben et al., 2011) and are shown here for ease of comparison. Representative images of the two zones are provided under the
graph. Bar, 1,000 nm. (C) Schematic of a cell’s nucleus showing two zones of equal volume and a GFP focus. (D) Graph of the percentage of cells in
each of two zones of equal volume in a given strain using the data from B: WT (n = 132); mrel1A (n = 122), P = 0.46; rad51A (n = 134), P = 0.58;
and ku70A /esc1A (n = 197), P = 2.7 x 1078, The ku70A /esc1A data were previously published (Ruben et al., 2011) and are shown here for ease of
comparison. (E) 10-fold dilutions of « strains on a YPD plate (growth control) or an a lawn to assay silencing at HMR (left) or 10-fold dilutions of a strains
on a YPD plate (growth control) or an a lawn to assay silencing at HML (right).

or Sir4 but contained the TetO and LacO arrays. WT and dele-
tion strains were serially diluted in a 10-fold series and spotted
on a or « tester lawns and assayed for growth. If the HM loci are
derepressed, the haploid cell is functionally diploid and will not
mate with the tester strain. Growth signifies that the strain is
able to mate and therefore has a functionally silenced HM locus.
An a strain gives information on the state of silencing of the
HML-a locus and an «a strain allows the testing of silencing at
the HMRa locus. Loss of the DSB proteins tested, Mrel1 and
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Rad51, did not lead to a mating defect on either a or o lawns,
whereas in strains lacking Sir4, HML and HMR were com-
pletely derepressed (Fig. 5 E). Therefore, the strains that were
deficient in DSB repair had functional silencing at both HML
and HMR, suggesting that DSB repair proteins do not mediate
their effects on HM clustering simply through the disruption of
silencing at these loci. This is consistent with our demon-
stration that long-range interactions are lost upon deletion of the
XYZ homology sequences (Fig. 1 D) even though under these
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conditions, silencing is not perturbed (Fig. S1). These results
also indicate that the HR repair protein—-mediated effects are not
caused by pseudodiploid formation via loss of silencing. Inter-
estingly, we find that the repair proteins when they are artifi-
cially tethered to a locus have the ability to recruit Sir proteins
and silence genes at this locus (Fig. S1 B). Loss of these repair
proteins does not affect silencing probably because Sir protein
recruitment by ORC/Rap1/Abf1 bound to the native silencers is
very robust.

v-H2A is enriched at HM loci and their
surrounding chromosomal regions

To determine the role of HR repair proteins in HM clustering, we
inquired whether or not the HM loci were enriched for chro-
matin marks normally found at DNA damage sites. Phosphoryla-
tion of H2A is an early damage-specific chromatin mark. We
therefore performed chromatin immunoprecipitation (IP; ChIP)
followed by quantitative PCR (qPCR) to map the distribution
of y-H2A in asynchronously growing, unperturbed cells. All
primer pairs were unique with similar amplification efficien-
cies and did not generate primer—dimer artifacts (Table S2 and
Fig. 6 A). We found significant enrichment of this histone mod-
ification at both HMR and HML (Fig. 6 B). Enrichment was
found in heterochromatic amplicons containing the silencers and
at regions previously shown to bind Sir proteins, but this mark

reached background levels at amplicons that were not silenced
(amplicons 1 and H). Interestingly, this mark extends up to the
TY1 and TYS5 long terminal repeats and suggests an accumula-
tion of this modification at repetitive elements, which are also
sites of replication stress. (Deshpande and Newlon, 1996; Wang
et al., 2001; Ivessa et al., 2002; Lemoine et al., 2005; Admire
et al., 2006; Azvolinsky et al., 2009).

Because the silencers and the tDNA are depleted of his-
tones, we performed an H3 IP using a polyclonal H3 antibody
on the same cross-linked material and normalized the y-H2A
distribution data for histone occupancy (Fig. 6 C and Fig. S3).
The data from y-H2A versus y-H2A/H3 show two different
things: in the first instance, y-H2A enrichment shows whether
or not there is enrichment of y-H2A at the locus compared
with the control ACT! locus, whereas in the second set of data,
v-H2A/H3 enrichment shows whether or not there is enrich-
ment of y-H2A on a per nucleosome basis compared with the
ACT] control locus. These latter data reveal an even higher en-
richment of y-H2A at the nucleosome-depleted silencers, sug-
gesting that a high proportion of the few nucleosomes found (in
a population of cells) at the silencers and boundary element are
phosphorylated on H2AS129 (Fig. 6 C).

Because y-H2A is enriched at telomeres, we were con-
cerned that the y-H2A at HMR was simply caused by a gradient of
this modification originating at the telomeres and encompassing
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the HM loci. We therefore also analyzed the presence of y-H2A
when HMR was inserted at the LEU2 locus on chromosome I11
by ChIP (Fig. 2, C-F). We still observed an enrichment of this
mark at this internal HMR locus, suggesting that its presence
was not caused by the proximity of HMR to the telomeres.

The HMR-E silencer is required for y-H2A
localization at HVIR

We have shown that y-H2A localizes to silenced chromatin, and
the distribution of y-H2A is very similar to that observed for the
Sir proteins. This raised the possibility that silenced loci were
persistently being damaged in most cells in the population.

Because y-H2A is enriched at telomeres (Szilard et al.,
2010; Kitada et al., 2011) and the HM loci (Fig. 6), we aimed
to determine whether the silenced HM loci recruit y-H2A. We
performed y-H2A and H3 ChIP in a strain in which the HMR-E
silencer has been deleted. In this strain, silencing at HML
remains unaffected. When the E silencer is deleted, y-H2A
enrichment across the entire HMR locus, including the HMR-I
silencer and the amplicons distal to the telomere end, was lost
(Fig. 7, A and B). Loss of an HMR-E silencer does not affect
v-H2A enrichment at HML (Fig. S3 D), consistent with the
hypothesis that loss of y-H2A at HMR is a specific reaction to
the loss of heterochromatin at HMR and that loss of the HM
interaction does not relieve y-H2A recruitment at HML.

One of the major mechanisms of spontaneous break
formation in cells occurs during replication when replica-
tion forks pause or stall at sites in the genome (Aguilera and
Gomez-Gonzélez, 2008; Heyer et al., 2010). We therefore asked
whether the HM loci were sites of replication fork pausing,
which could then play a role in loading repair proteins. To de-
termine the sites of replication fork pause, we performed ChIP
experiments with DNA polymerase, Pol-g, in asynchronously
growing, unperturbed cells. Enrichment of Pol-¢ at a locus
under these conditions is indicative of the protein spending
more time (paused) at that locus (Azvolinsky et al., 2006, 2009).
These data show a small enrichment of Pol-¢ at HMR and HML
though there is more enrichment at the boundaries of the si-
lenced loci (Fig. S3 B). These data suggest that the silenced
loci are sites of subtle replication stress, though the boundaries
show more fork pausing.

Because there was some pausing of the replication ma-
chinery at the tDNA insulator, we next asked whether the tDNA
insulator at HMR was required for the recruitment of y-H2A.
Therefore, we assayed a strain in which the tDNA was deleted.
In a tdnaA, the formerly nucleosome-depleted region incorpo-
rated histones (amplicons 6-12; Fig. S3 C). To our surprise,
loss of the tDNA did not lead to a decrease in y-H2A but, on
the contrary, leads to a marked increase in y-H2A enrichment
especially in the formerly nucleosome-depleted region as seen
in amplicons 7-10 (Fig. 7, C and D). When one normalizes
v-H2A levels to H3 to take into account nucleosome occupancy
differences between the WT strain and the 7dnaA strain at the
HMR locus (Dhillon et al., 2009), the tdnaA and the regions
immediately surrounding the tdnaA still showed a smaller, but
significant, increase in y-H2A enrichment on a per nucleosome
basis (Fig. 7 D). These data are very similar to those observed
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for Sir protein distribution upon loss of the tDNA boundary
element (Oki and Kamakaka, 2005; Dhillon et al., 2009) and
suggest that the tDNA is playing a role in directly or indirectly
blocking the spread of y-H2A but not in the recruitment of this
protein and that y-H2A localization at HMR is directly coupled
with silenced chromatin.

The data suggest that the silencer or silenced chromatin
is playing a role in the phosphorylation of y-H2A at the HM
loci, or alternatively, silent chromatin stabilizes y-H2A by pre-
venting the eviction of this modified histone and its subsequent
dephosphorylation by the Pph3 phosphatase (Keogh et al.,
2006). The latter possibility is consistent with the observation
that histone exchange is reduced at silenced loci (Dion et al.,
2007; Rufiange et al., 2007). Importantly, these data are incon-
sistent with the hypothesis that y-H2A is solely enriched at HM
as a result of spreading from the telomeres. Furthermore, the
tDNA boundary element does not recruit y-H2A but instead
acts as a barrier to the spread of y-H2A.

The SMC proteins mediate long-range
association of HML and HMR

We next asked the question of how does y-H2A mediate the
long-range clustering of HML and HMR. We reasoned that the
SMC proteins might play a role in this process given their cen-
trality in long-range chromatin dynamics (De Piccoli et al.,
2009; Hudson et al., 2009; Bose and Gerton, 2010; Wood et al.,
2010). We mapped the distribution of a subunit of the cohesin
complex, Myc-Mcd1 (Fig. 8 B), as well as a subunit of the con-
densin complex, HA-Brn1 (Fig. 8 C), and a subunit of the repair
SMCs, tandem affinity peptide (TAP)-Smc6 (Fig. 8 D). This
mapping showed that the condensin and repair SMCs were pri-
marily localized to the boundary of the silenced HMR domain
(Fig. 8, C and D) and is consistent with genomic data showing
that these marks localize to tDNAs in both S. cerevisiae and Schizo-
saccharomyces pombe (Ampatzidou et al., 2006; D’ Ambrosio
etal., 2008; Haeusler et al., 2008; Pebernard et al., 2008; Iwasaki
etal., 2010), whereas Mcd1 was modestly distributed across the
entire silenced domain (Fig. 8 B) also consistent with previous
results (Glynn et al., 2004; Dubey and Gartenberg, 2007; Kogut
et al., 2009; Ocampo-Hafalla and Uhlmann, 2011).

Scc2 helps loads SMC proteins (Uhlmann and Nasmyth,
1998; Ciosk et al., 2000), and we therefore mapped the dis-
tribution of Scc2 in WT yeast cells (Fig. 8 E). ChIP showed the
enrichment of this protein at the tDNA boundary element
as well.

If Scc2 was mediating long-range clustering of the HM
loci, loss of Scc2 should lead to a separation of the HM loci. The
allele of SCC2, scc2D730V, which does not affect telomere
clustering but exhibits a condensin-loading defect at tDNAs
(Gard et al., 2009), shows a significant loss of HM interactions
(median distance = 730 nm, P = 1.88 x 10™'4; Fig. 4 G), suggest-
ing that this protein plays a role in HM clustering.

We finally inquired about the role of y-H2A in the binding
of the SMC proteins to the HMR domain. We mapped Scc2 in
a y-H2A mutant and found that in the absence of this histone
modification, the SMC loader Scc2 was no longer enriched at
the tDNA boundary (Fig. 8 E). In summary, we have shown that
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v-H2A stabilizes the binding of Scc2 and possibly the SMC
proteins to the HM loci, which then likely mediate long-range
association between the two loci.

Discussion

HML and HMR are located on opposite ends of chromosome IIT
but are in close three-dimensional space in the yeast nucleus. and
this clustering in the WT yeast nucleus is most likely caused by
direct interactions between the silencers (Miele et al., 2009). In
this study, we aimed to elucidate the factors that contribute to
this long-range clustering and identify mutants in which these
associations are lost. We have uncovered a network of cis-elements
and trans-factors that influence the long-range association.

Heterochromatic HVMIL-HMR clustering
occurs independently of the telomeres

Our results indicate a direct mechanism underlying HMIL-HMR
association. If long-range associations between the HM loci were
being mediated by the localization of Sir proteins and Esc1/Ku at
the telomeres, deletion of the HMR-E silencer should have no
effect on these interactions. However, loss of silencing at HVR,
when silencing at HML and the telomeres remains unaffected, was
sufficient to abrogate long-range interactions (Figs. 1 and 4). Mov-
ing HMR to an internal locus was sufficient to form long-range
interactions (Fig. 2), and these associations are not restricted to
chromosome III because we observe similar clustering when both
HML and HMR are moved to chromosome VI (Fig. 3). We do
not observe clustering when HML resides on chromosome III
and HMR resided on chromosome VI. One possibility is that in-
terchromosomal interactions are rare and thus not detected,
or alternatively, HM interactions only occur within individual
chromosome territories. We tend to favor the former possibility
based on the observation that HR between loci occurs but is less
efficient when the loci are on different chromosomes (Lichten
and Haber, 1989).

It has been shown that telomere clustering is dependent
on chromosome arm length, in which arms of similar length
are found in the same telomere cluster (Taddei et al., 2010;
Therizols et al., 2010). Despite the fact that chromosome III
has arms of different lengths (ITIR is twice as long as IIIL),
TEL-IIIR and TEL-IIIL cluster together (Therizols et al., 2010),
but our results suggest that the telomere clustering is indirect
and is driven primarily by the HML-HMR association. Loss of
silencing at HMR (hmr-eA) results in the separation of HML
(TEL-IIIL) and HMR (TEL-IIIR), but these loci still localize to
the nuclear periphery, consistent with the proposition that HML
and HMR drive telomere /IIL-IIIR interactions, and upon the
loss of these interactions, the fluorescence foci separate, as the
two telomeres now migrate to sites at the nuclear periphery
dependent on chromosome arm length. Additionally, the HM
loci clustered when present on chromosome VI despite being
placed at positions that conferred differences in arm lengths.

HR repair proteins affect long-range
HML-HMR association

We showed that most members of the HR repair pathway tested
affected HM long-range interactions, including early and late

HR repair proteins as well as the SMC proteins. Neither a nu-
cleotide excision repair protein nor a NHEJ protein affected
HM interactions, suggesting that the HR pathway contributed
specifically to HM interactions.

Although it is not clear whether these mutants affect HM
clustering directly or indirectly, we did not see silencing defects
at either HML or HMR in HR-deficient strains, and therefore,
although HR-deficient strains lead to a dispersal of some telo-
meric Sir proteins (Maillet et al., 2001), that does not appear
to be the case at the HM loci. In addition, Nup60 mutants also re-
sult in a small decrease in silencing at HMR (Ruben et al., 2011),
which does not affect HMI—HMR interactions. Furthermore, in
an XYZ delete strain the long-range interactions are lost, but the
silencers and silencing are unperturbed. It is therefore unlikely
that the loss of HR proteins leads to the loss of HM clustering
solely via the dispersal of Sir proteins from silenced loci.

Two very recent studies described an increase in chromo-
some mobility upon DNA damage (Dion et al., 2012; Miné-
Hattab and Rothstein, 2012). Both studies showed an increase
in mobility of a break point, dependent on Mec1, Rad51, and
Rad54. Tt is possible that HR repair proteins influence the search
mechanism after damage by increasing mobility genome wide,
and it is also possible that the loss of long-range HM inter-
actions in unperturbed cells in our study is a reflection of this
role of these proteins, but our study did not directly examine
mobility, and future experiments will be necessary to shed light
on this issue.

v-H2A and long-range clustering

of HVMIL and HVIR

v-H2A, a mark for DNA damage, which acts as a chromatin scaf-
fold for repair proteins to stably bind was highly enriched at both
HML and HMR in logarithmically growing unperturbed yeast
cells and is consistent with recent observations in S. cerevisiae
that showed that y-H2A is present at subtelomeric heterochro-
matin in undamaged cells (Szilard et al., 2010; Kitada et al.,
2011). y-H2A localization to silenced heterochromatin is not
restricted to budding yeast and is also found at the silent mating-
type locus, centromeres, telomeres, and rDNA in S. pombe
(Rozenzhak et al., 2010). The observation that this histone mark
is present at heterochromatin from both of these yeasts despite
the different proteins involved in the formation of heterochro-
matin in these two yeasts suggests that the localization of this
modification to heterochromatin may be conserved across other
species as well.

Our localization experiments of y-H2A are in apparent
contrast to another study (Kim et al., 2007), but the differences
between Kim et al. (2007) and our results are simply a result of
the manner of normalization and presentation of y-H2A distri-
bution patterns. Kim et al. (2007) presented y-H2A distribution
across the HMR domain as fold difference between undamaged
and damaged cells. Because HMR already possessed y-H2A in
undamaged cells, there was no observable change in this protein
after damage.

How is y-H2A recruited to heterochromatic regions? One
possibility is that replication fork pausing at or in the vicinity
of silenced domains leads to the modification of this histone
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by Mecl and/or Tell. Monitoring DNA Pol-¢ indicates paus-
ing at HMR. Others have also shown, using 2D gel analysis,
that HM silencers and tDNAs are sites of fork pausing/stalling
(Deshpande and Newlon, 1996; Wang et al., 2001; Ivessa et al.,
2002; Lemoine et al., 2005; Admire et al., 2006; Azvolinsky
et al., 2009). Although we see increased pausing at these sites,
loss of the tDNA boundary element does not lead to loss of
v-H2A from HMR, arguing against the tDNA being solely
involved in the recruitment of y-H2A. The recruitment and
spreading of y-H2A at HMR requires the HMR-E silencer and
is probably a function of silencing. Whether it is also a function
of replication pausing at the silenced domains is unclear. Our
observation suggests that silencing either aid in the modifica-
tion of H2A by recruiting a kinase (Mec1 or Tell) or stabilizes
the modification after it is laid down by blocking the eviction of
the modified histone and its subsequent dephosphorylation by
the Pph3 phosphatase (Keogh et al., 2006). Consistent with this
latter possibility is the observation that silenced chromatin has
lower histone turnover (Dion et al., 2007).

Interestingly, y-H2A was necessary for long-range HM as-
sociation, suggesting a possible link between proteins involved in
HR repair and long-range heterochromatin clustering. Replication
pausing-induced y-H2A could trigger the recruitment of the HR
repair pathway, leading to homology-based clustering (because
sequence homology between HML and HMR is necessary for
HM clustering). After replication, the packaging of the domain
with Sir proteins would reduce histone exchange, preventing
eviction of y-H2A and thus maintaining the clustering of the
HM loci. We also show that mutations in the SMC loader Scc2
affect long-range heterochromatin clustering and that y-H2A is
required for the binding/stabilization of Scc2 to the silenced chro-
matin boundary. Furthermore, all three classes of SMC proteins
localize to the silenced chromatin domain (Fig. 8) or to the bound-
ary of this domain, and numerous laboratories have shown
that the binding of SMC proteins to chromatin requires Scc2
(Ciosk et al., 2000; Lengronne et al., 2004; Lindroos et al., 2006;
Pebernard et al., 2008; Kogut et al., 2009). Thus, one simple
model for the mechanism by which y-H2A functions in long-range
clustering of the HM loci would be via the stabilization of binding
of the SMC proteins to these loci and possibly other repair pro-
teins. Studies have mapped Ku (Patterson and Fox, 2008; Vandre
et al., 2008; Bystricky et al., 2009) to the silenced HM loci.

Why do HML-HMR cluster and why is this
dependent on the HR repair proteins?
Telomeric heterochromatin is a reservoir for repair proteins, and
mutations in Ku, Mrel1, and Tell affect clustering of telomeres
and clustering of silencing proteins at the telomeres (Martin
et al., 1999; Hiraga et al., 2008). Ku, Scc2, and the SMC pro-
teins also map to the silenced HM loci in unperturbed cells, and
these proteins play key roles in HR repair (Aguilera and Gomez-
Gonzalez, 2008; Onn et al., 2008; De Piccoli et al., 2009; Hudson
et al., 2009; Heyer et al., 2010). It is therefore possible that the
HM loci are in part reservoirs for repair proteins in undamaged
cells. Further studies will help shed light on the interrelation-
ships between the HR repair proteins, HM-bound Ku, and the
long-range clustering of HM loci.
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There is also increasing evidence that repair proteins bind
chromatin at specific sites that are not damaged but are more
prone to damage. In mammalian cells, y-H2A and SMC5/6 are
enriched at repetitive elements, such as short-interspersed nu-
clear elements and tDNAs in the absence of damage (Barlow
et al., 2013), whereas mammalian Rad51 binds sites of replica-
tion fork pausing before DNA break formation by a process that
does not trigger HR repair unless forks collapse (Petermann
et al., 2010). In yeast, silenced chromatin, Ty elements, and tRNA
genes are all sites of replication stress (Deshpande and Newlon,
1996; Wang et al., 2001; Ivessa et al., 2002; Lemoine et al.,
2005; Admire et al., 2006; Azvolinsky et al., 2009) that could
trigger a HR repair response in the absence of fork collapse and
be bound by y-H2A.

Repetitive DNA sequences localize to specific nuclear
compartments, and it has been suggested that this reduces dele-
terious recombination (Torres-Rosell et al., 2007; Aguilera and
Goémez-Gonzdlez, 2008; Lukas et al., 2011). It is therefore pos-
sible that during replication stress, repair proteins phosphorylate
H2A at heterochromatic sites. The phosphorylation is stabilized
by heterochromatin formation after replication, which then sta-
bilizes long-range capture of homologous sequences by the
SMC proteins resulting in clustering.

It should also be pointed out that mating-type switching
is used by haploid yeast to switch the genetic information at
the MAT locus using the donor information that is stored at the
cryptic mating-type loci HML and HMR (Haber, 1998, 2012).
Switching initiates by the formation of a HO-induced DSB at
the MAT locus during the G1 phase of the cell cycle, and the
HM donor locus moves to the nuclear interior, where it inter-
acts with MAT (Bystricky et al., 2009) mediated by the HR
repair proteins, including y-H2A. Although G1 is the phase
of the cell cycle when yeast cells use NHEJ to repair DSBs
(Symington and Gautier, 2011), for switching, yeast cells use
the HR machinery, and mutations in the HR repair proteins
disrupt mating-type switching (Haber, 1998, 2012). In this
context, having the silenced HML and HMR loci poised for
HR-mediated repair could favor HR-mediated recombination
and mating-type switching even under conditions that typically
favor NHEJ mechanisms. The lack of HR marks/proteins at
MAT before the HO-induced break precludes MAT from in-
teracting with HM outside of mating-type switching (Szilard
et al., 2010); instead, HM interact with each other at the nu-
clear periphery, where they are secluded from the MAT locus,
thus precluding premature/deleterious switching. This model
is analogous to what is observed at the rDNA locus (Torres-
Rosell et al., 2007) and is also consistent with observations
that HR mutants that affect HM clustering also affect mating-
type switching (Haber, 1998, 2012), but testing this model
will require the isolation of separation-of-function alleles in
repair proteins.

In summary, these data show that a novel and diverse set
of pathways contribute to heterochromatic organization in the
budding yeast nucleus, where both the HR pathway and the si-
lencing pathway contribute to HM interactions. y-H2A is found
at heterochromatin, where it helps facilitate HM long-range
clustering via the SMC proteins.



Materials and methods

Yeast strains and primers

Yeast strains and primer sequences can be found in Table S1 and S2, re-
spectively. Some yeast strains and plasmids were provided by K. Bystricky
(Laboratoire de Biologie Moleculaire Eucaryote, Toulouse, France), L. Aragon
(Medical Research Council Clinical Sciences Centre and Imperial College
London Mill Hill, London, England, UK), J. Gerton (Stowers Institute for
Medical Research, Kansas City, MO), M. Gartenberg (University of Medicine
and Dentistry of New Jersey and Robert Woods Johnson Medical School,
New Brunswick, NJ), R. Rothstein (Columbia University, New York, NY),
and S. Jackson (Cambridge University, Cambridge, England, UK).

Chip

ChiPs were performed as previously described (Dhillon et al., 2009;
Valenzuela et al., 2009). In brief, 300 ml of asynchronously dividing cells
were grown in YPD (yeast extract, peptone, and dextrose) to an OD of
2.2-2.4 and fixed in 1% formaldehyde for 15 min followed by quenching
in glycine for 12-15 min, spun down, washed in PBS, spun down, and fro-
zen. Cells were thawed and lysed by agitation with glass beads. Chroma-
tin was sheared to a mean length of 300 bp by sonication. 950 pl of
cleared lysates was incubated with primary antibody for 3 h at 4°C and
then added to preblocked protein A/G-Sepharose beads overnight with
mixing at 4°C. IPs were performed in duplicate for each cross-link reaction.
Chromatin was eluted with 10% Chelex 100 (Bio-Rad Laboratories) and
treated with proteinase K. Eluted chromatin was quantified by PicoGreen
(Invitrogen). For gqPCR, equal amounts of input DNA and IP DNA (100-
200 pg) were added to each reaction. Reactions were performed in techni-
cal duplicate. Enrichment is reported as IP/input followed by normalization
to another locus (y-H2A and H3: ACTI). To account for differential histone
density, some data are reported as yv-H2A/H3, in which the ratio of the
means of the two IPs for each mark within a fix is taken, allowing for a
standard deviation. For these experiments, the n is reported as the number
of cross-links rather than the number of IPs as in other experiments. Error
bars shown are standard deviations. Pol-e ChIP cells were performed as
described in this paper with the following changes: cells were grown to
1.0 OD, only input DNA was quantified and used at 40 pg, and 4 pl of IP
material was used in qPCR reactions.

Quantitative mating assays

Quantitative mating assays were performed as previously described
(Ruben et al., 2011). In brief, 1 OD of a or a lawn was plated on YMD
plates. Serial dilutions of tester strains (1-0.001 ODs) are spotted on mating
lawns. Mating is only able to occur when the a and « genes at HMR
and HML are repressed. Mating leads to complementation of auxotrophic
markers in a diploid and growth on YMD plates. When necessary, strains
were kept under plasmid selection. Plates were incubated at 30°C and

photographed at 24-72 h.
Antibodies

Antibodies used were from the following sources and used at the follow-
ing dilutions or concentrations: antiphospho-histone H2A (Ser129), yeast
specific (catalogue no. 07-745, lot no. 30559; EMD Millipore) at 5 l,
anti-histone H3 (source) at 5 pg, and monoclonal anti-myc PE11 (Abcam)
at 5 pl.

Image acquisition and manipulation
Microscopy was performed on live cells for all experiments. Cells were
grown exponentially in YMD (yeast minimal dextrose) + amino acids (Leu,
Ura, Trp, Lys, Ade, and His) to an ODeoonm of ~0.6. Cells were rinsed in
YMD + amino acids before imaging and placed on YMD + amino acids
and 1.5% agarose patches on slides, covered, and imaged. Images were
acquired on an inverted wide-field microscope (Xi70; Olympus) with pre-
cise stage (DeltaVision; Applied Precision) using a camera (CoolSNAP
HQ?; Photometrics). Optical image stacks of 20 images were acquired
with a step size of 200 nm for 400-500 ms in the appropriate wavelength
channel (CFP/YFP/GFP/mCherry). A 100x/1.4 NA oil objective was
used. Acquisition software soffWoRx 3.7.1 (Applied Precision) was used
for image acquisition and analysis. All images were taken at 25°C. Crop-
ping of images was performed in Photoshop (Adobe).

For distance analysis, the distances between HML (yellow) and
HMR (cyan) were calculated in nanometers using the measure tool in
three dimensions. The measured distances were loaded into R software,
and the data were plotted as a boxplot. The box represents the middle
50% of data points with the black line showing the median of distances.

Outliers are defined as distances >1.5 times the interquartile range and
are represented by open circles. Data presented are the sum of at least
two independent strains and frials.

For zone analysis, 200-nm optical slices were taken on live cells,
and only the 10 middle planes of the nucleus were assayed. Images were
acquired in the GFP and mCherry channels. For the position of the GFP
focus in relation to the HDEL-dsRed, marked nuclear envelopes were deter-
mined as a percentage of fluorescent foci in one of two concentric nuclear
zones of equal surface in the plane bearing the brightest GFP-Lacl focus.
Three independent trials were performed for each strain, and strains were
scored in a blind manner by measuring the distance between the GFP spot
(array) and the nuclear membrane (s2p) and the diameter of the nucleus
(p2p) in nanometers. A ratio of (s2p/p2p) x 2 was calculated and used
for assigning to one of two zones, either the peripheral zone (zone 1) or
the inferior zone (zone 2), of approximately equal surface area (Fig. 5 B)
or volume (Fig. 5 D) as previously described. P-values were determined by
x? test (Hediger et al., 2002; Ruben et al., 2011).

Three independent trials were performed for each strain, and
strains were scored in a blind manner by measuring the distance between
the GFP spot (array) and the nuclear membrane (s2p) and the diameter
of the nucleus (p2p) in nanometers. A ratio of (s2p/p2p) x 2 was calcu-
lated and used for assigning to one of two zones of approximately equal
surface area.

Online supplemental material

Fig. S1 shows silencing controls and representative two-dot assay images.
Fig. S2 shows cell cycle, mating type, and nuclear diameter controls. Fig. S3
shows ChlIP controls used in this study. Table S1 shows strains. Table S$2
shows oligonucleotides. Online supplemental material is available at

http://www.icb.org/cgi/content/full /jcb.201211105/DC1.
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