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SUMMARY

Partitioning of chromosomes into euchromatic and
heterochromatic domains requires mechanisms
that specify boundaries. The S. pombe JmjC family
protein Epel prevents the ectopic spread of hetero-
chromatin and is itself concentrated at boundaries.
Paradoxically, Epe1 is recruited to heterochromatin
by HP1 silencing factors that are distributed through-
out heterochromatin. We demonstrate here that the
selective enrichment of Epe1 at boundaries requires
its regulation by the conserved Cul4-Ddb1°%2 ubig-
uitin ligase, which directly recognizes Epel and
promotes its polyubiquitylation and degradation.
Strikingly, in cells lacking the ligase, Epel persists
in the body of heterochromatin thereby inducing a
defect in gene silencing. Epel is the sole target of
the Cul4-Ddb1°? complex whose destruction is
necessary for the preservation of heterochromatin.
This mechanism acts parallel with phosphorylation
of HP1/Swi6 by CK2 to restrict Epe1. We conclude
that the ubiquitin-dependent sculpting of the chro-
mosomal distribution of an antisilencing factor is
critical for heterochromatin boundaries to form
correctly.

INTRODUCTION

Eukaryotic genomes are organized into active and inactive
domains referred to as euchromatin and heterochromatin. This
functional organization plays an important role in chromosome
segregation, telomere maintenance, and genome stability. Given
the repressive nature of heterochromatin, the regulation of its
assembly is critical for genome homeostasis. The fission yeast
Schizosaccharomyces pombe has become a powerful model
system for dissecting mechanisms of eukaryotic heterochro-
matin control (for an extensive review, see Grewal, 2010). Its
genome contains three distinct major heterochromatic domains:

pericentromeric otr repeats, subtelomeric regions, and the silent
mating type locus mat2/mat3. As in metazoans and plants, a key
step in heterochromatin assembly is the recruitment of a histone
H3 lysine 9 (H3K9) methyltransferase (Clr4 in S. pombe) to
chromatin. The methylation of H3K9 by Cir4 is required for the
recruitment of the HP1 family proteins Swi6 and Chp2, which
then appear to spread along the DNA fiber. It is thought
that nucleation of heterochromatin is guided by RNA interference
(RNAI)-dependent and -independent mechanisms. In the RNAI-
dependent pathway, heterochromatic sequences are tran-
scribed by RNA polymerase Il (Pol ll) during S phase, and
siRNAs are subsequently generated by the RNAi machinery.
Whereas pericentromeric heterochromatin requires the RNAi-
dependent pathway for its establishment, both pathways act
redundantly at the telomeres and the silent mating type locus.
Initial H3K9 methylation and subsequent binding of HP1
proteins lead to the spreading of this repressive modification,
but the phenomenon of heterochromatin spread is still poorly
understood (reviewed in Talbert and Henikoff, 2006). HP1
proteins, whose chromatin association depends on H3K9 meth-
ylation, seem to be involved in recruiting the upstream H3K9
methyltransferase. This has been suggested to result in methyl-
ation of neighboring nucleosomes, thereby creating a positive
feedback loop in assembly and spreading of heterochromatin
over large distances in cis. Spreading is a stochastic process
that can result in metastable but heritable silencing of neigh-
boring euchromatic genes, a phenomenon known as position
effect variegation (PEV) (Gaszner and Felsenfeld, 2006). The
invasion of heterochromatin into adjacent euchromatic regions
is prevented by boundary elements, which terminate the chain
of events involved in spreading. The mechanisms by which
boundaries are formed are complex, and a number of models
have been proposed that include tethering of boundary elements
to subnuclear regions and recruiting silencing-opposing
activities (Gaszner and Felsenfeld, 2006). In S. pombe, the
euchromatin-heterochromatin borders are characterized by
sharp transitions of euchromatic and heterochromatic histone
modifications (Cam et al., 2005). Specific boundary elements
composed of inverted repeat (IR) sequences are found at the
boundaries flanking the silent mating type locus and the pericen-
tromeric regions of chromosomes 1 and 3 (Cam et al., 2005;
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Noma et al., 2006). The left and right boundary elements at the
silent mating type locus (/R-R/L) contain recruitment sites for
transcription factor TFIIIC, which has been suggested to delin-
eate heterochromatic domains by sequestering the boundary
elements to the nuclear periphery (Noma et al, 2006).
Conversely, the pericentromeric inverted repeat (/RC) elements
are associated with Pol ll-dependent transcription and show
an enrichment of euchromatic marks (Cam et al., 2005; Noma
et al., 2006). Other boundaries at pericentromeric regions are
characterized by tRNA gene clusters, which seem to be critical
for barrier function (Scott et al., 2006).

Epe1 (enhancer of position effect) was previously identified in
a screen for mutants in S. pombe that display propagation of
heterochromatin beyond its natural borders. Mutants of epe?*
show enhanced PEV at the silent mating type locus and pericen-
tromeric regions (Ayoub et al., 2003). Epe1 is critical for the
boundary function of the pericentromeric /IRC elements and
mediates their Pol lI-dependent transcription (Zofall and Grewal,
2006). The mechanism by which Epe1 antagonizes heterochro-
matin spread is unknown. Epe1 contains a JmjC domain that is
present in many histone demethylases but lacks a conserved
residue predicted to be involved in binding of a catalytic iron
atom. Furthermore, no histone demethylase activity has been
detected for Epe1 in vitro (Tsukada et al., 2006). Despite being
an antisilencing factor, Epe1 interacts with the HP1 proteins
Swi6 and Chp2 in vivo and in vitro and is itself recruited to hetero-
chromatin in an HP1-dependent manner (Sadaie et al., 2008; Zo-
fall and Grewal, 2006). In particular, Epe1 facilitates the recruit-
ment of Pol Il to heterochromatic regions (Zofall and Grewal,
2006). Perhaps due to this role in Pol ll-dependent transcription,
mutants of epe?* have perturbed levels of heterochromatic
siRNAs and are affected in the stability of heterochromatic
domains (Trewick et al., 2007). In addition, Epe1 appears to
compete for binding to heterochromatin with the HDAC effector
complex SHREC (Shimada et al., 2009). These findings raised
the important question of how heterochromatin is protected
from the silencing-antagonizing activity of Epe1 that it recruits.

Histones have long been known to be substrates for the ubig-
uitin system. Conjugation involves the transfer of ubiquitin to
a lysine residue within the substrate by an enzymatic cascade
comprising an activating enzyme (E1), a conjugating enzyme
(E2), and an ubiquitin ligase (E3), the latter determining substrate
specificity of ubiquitylation. Ubiquitylation plays a crucial role in
the regulation of chromatin. For instance, monoubiquitylation of
histone H2A is associated with silencing of the mammalian Hox
gene cluster (Wang et al., 2004), whereas ubiquitylation of
histone H2B is a prerequisite for methylation of H3K4 and
H3K79 (Nakanishi et al., 2009; Sun and Allis, 2002).

Methylation of H3K9 in S. pombe requires a multisubunit E3
that associates with the H3K9 methyltransferase Cir4 in the
CLRC complex and is necessary for chromatin recruitment of
Clr4 (Hong et al., 2005). This E3 enzyme, Cul4-Rik1P°s1/Pos2 g
related to the cullin-RING finger family of ubiquitin ligases
(CRLs), in particular the conserved Cul4-Ddb1P°AF complexes.
Common to this family is a modular architecture that employs
a cullin family scaffold, a RING finger protein that recruits the
ubiquitin-conjugating E2 enzyme, and a substrate recognition
factor (Jackson and Xiong, 2009). Ddb1 is a specific adaptor
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protein of Cul4 RING finger ligases (Cul4-Ddb1) and recruits
the substrate recognition factor that confers specificity to the
ubiquitylation reaction. Most of the identified substrate re-
cognition factors (DCAFs, Ddb1/Cul4 associated factors)
contain WD40 repeats (Lee and Zhou, 2007). However, in the
Cul4-Rik1P°sPos2 complex, the conserved Ddb1 adaptor is
replaced by Rik1 and the substrate recognition DCAF subunit
is replaced by Dos1/Dos2. As the Cul4-Rik1P°s1/P°s2 E3 seems
to function particularly in silencing, it appears to be a specialized
paralog of the conserved Cul4 CRLs. Despite its requirement for
heterochromatin formation, the corresponding substrate has not
been identified.

Here, we report the identification of a regulatory mechanism
essential for proper boundary formation and heterochromatic
silencing in S. pombe, which unexpectedly requires the action
of the canonical CRL Cul4-Ddb1°%®2, We demonstrate that the
Cul4-Ddb1%92 complex directly recognizes and promotes
ubiquitylation and degradation of the boundary factor Epe1.
Strikingly, this pathway controls the distribution of this antisilenc-
ing factor within heterochromatic domains and restricts Epe1 to
the heterochromatic boundaries. We show that this heterochro-
matin-sculpting function of Cul4-Ddb1°2 is sufficient to explain
its requirement for silencing. Our studies define a ubiquitin-
dependent degradation event necessary for heterochromatin
formation and demonstrate that it functions to shape
heterochromatin.

RESULTS

A Targeted Knockout Screen Identifies Factors

Required for Pericentromeric Silencing

To identify factors required for heterochromatin formation, we
disrupted candidate genes in fission yeast harboring a pericen-
tromeric ura4* reporter gene whose silencing can be assayed
using the drug 5-FOA that counterselects for ura4*-expressing
cells (Ekwall et al., 1999). In S. pombe, heterochromatin marked
by the HP1 protein Swi6 colocalizes with the spindle pole body
(SPB) during interphase (Appelgren et al., 2003). In fact, many
other heterochromatic proteins display a similar SPB-like locali-
zation or dot-like staining within the nucleus (Matsuyama et al.,
2006). A high-throughput study reported that 346 S. pombe
proteins display such a localization pattern when fused to yellow
fluorescent protein (YFP) and expressed from an inducible
promoter (Matsuyama et al., 2006). We successfully deleted
166 of these genes in an imrL::ura4™ reporter strain. In addition,
we deleted 23 other genes that display sequence motifs sugges-
tive of a potential role in chromatin biology plus a few control
genes encoding known silencing factors (Figure S1H and
Table S1 available online).

We screened this collection of 195 deletion mutants on 5-FOA
media and isolated 12 mutants with a previously undescribed
loss-of-silencing phenotype (Figure S1A). Among those mutants
were 11 genes that encode SBP/nuclear dot proteins and 1 factor
with a nucleoplasmic localization, Ddb1, the well-studied adaptor
component of the canonical Cul4 CRLs. The ddb7A mutant
showed a 5-FOA silencing phenotype comparable to cells lack-
ing the histone H3K9 methyltransferase Clr4, which is essential
for heterochromatin formation (Figure S1A, left panel). Among



the SPB/nuclear dot candidates, deletion of SPCC71393.05 also
resulted in a strong silencing defect, and we have described an
initial analysis of this gene, ers7*, elsewhere (Rougemaille et al.,
2008). The remaining SBP/nuclear dot mutants exhibited weaker
phenotypes, both in the original imrL::ura4* strain and in a strain
harboring a mat3M::ura4* reporter gene that measures silencing
at the mat2/3 silent cassette (Figures S1A and S1F). RT-gPCR
analysis showed that many of these mutants accumulate
silenced transcripts depending on the heterochromatic region
assessed (Figures S1B-S1G). The silencing defect observed in
ddb1A cell mutants suggested a critical function of this E3 ligase
subunit in heterochromatin formation, and its role in silencing was
investigated further.

The Cul4-Ddb1°9*2 Ubiquitin Ligase Promotes Silencing
at Multiple Heterochromatic Domains

Cells lacking Ddb1 show a silencing defect at the inner most
repeat (imr) and outer repeat (otr) elements of the pericentro-
meric region but are also impaired in silencing at the mat3M locus
of the silent mating type cassette and a subtelomeric region
(Figure 1). This result distinguishes Ddb1 from factors directly
involved in the RNAI pathway as they only impact silencing at
centromeres. Analysis of steady-state levels of mRNAs origi-
nating from the imri1L::ura4* and mat3M::ura4* loci, as well as
endogenous heterochromatic sequences, showed modest
(particularly at pericentric regions) but reproducible increases
upon deletion of ddb1* (Figure 1E) compared to control strains
lacking Clr4 or Rik1. The largest fold-change was observed at
the mat3M locus (Figure 1E). These changes in transcript levels
were nonetheless sufficient to interfere with reporter gene
silencing (Figures 1C and 1E). Thus, Ddb1 is required for efficient
silencing but is presumably not a core component of the hetero-
chromatin formation machinery.

To identify the relevant DCAF, we focused on the 105 WD40
repeat proteins present in S. pombe. We successfully knocked
out 60 of the corresponding genes in the imrL::ura4™ reporter
strain and screened this collection for mutants that phenocopy
ddb1A. One mutant, cdt2A, displayed an identical phenotype
to that of ddb7A cells in all assays (Figures 1C and 1E). Impor-
tantly, ddb7A cdt2A double mutants showed no additive
silencing defect, indicating that ddb71™ and cdt2* are epistatic
and function in the same pathway (Figure 1C). Consistent with
our findings, Cdt2 has previously been described as a substrate
recognition factor of Cul4-Ddb1 involved in the degradation of
chromatin-associated factors (Jin et al., 2006; Liu et al., 2005;
Ralph et al., 2006).

Methylation of lysine 9 of histone H3 is a hallmark of hetero-
chromatin. To study whether methylation of histone H3K9 is
affected by the absence of Ddb1, we determined the profile of
dimethylated H3K9 (H3K9me2) by performing chromatin immu-
noprecipitation (ChlP) experiments at various heterochromatic
regions. To control for nonspecific effects of Ddb1 on growth,
we used a ddb7A spdiA double mutant in which a known cell-
cycle substrate of Ddb1, Spd1, is also absent—deletion of
spd1* suppresses the growth defect of the ddb7A mutant (see
below). Consistent with the silencing defect seen at the pericen-
tromeric and subtelomeric regions, we found a significant
reduction in H3K9me2 levels at the cen-dg and the tlh1*/thi2*

loci (Figure 1F) but no changes in histone H3 levels (Figure 1G).
In contrast, H3K9me2 levels were unaffected at the mating
type locus in ddb1A spd1A cells (Figure 1F), despite the strong
silencing defect seen at this heterochromatic locus (compare
Figures 1C and 1E). Thus, the decrease in H3K9 methylation
cannot generally explain the silencing defect of ddb7A cells,
and the different heterochromatic domains seem to have distinct
requirements for silencing.

Silencing Is Not Inhibited by the Cul4-Ddb1°9t2
Substrate Spd1

To date, only two substrates of Cul4-Ddb1°%*? have been identi-
fied in S. pombe: Cdt1, which is required for licensing of replica-
tion origins (Ralph et al., 2006), and Spd1, which is an inhibitor of
ribonucleotide reductase (Bondar et al., 2004); both substrates
are degraded during S phase. Accumulation of Spd1 causes
cell-cycle delay, abnormal cellular size, and a substantial growth
defectinddb1A cells (Bondar et al., 2004; Holmberg et al., 2005).
As two recent studies linked the onset of S phase to RNAi-medi-
ated assembly of heterochromatin (Chen et al., 2008; Kloc et al.,
2008), we sought to test the hypothesis of whether the accumu-
lation of Spd1 may be the reason for the silencing defect. To this
end, we knocked out spd7" in ddb14 or cdt24 cells and exam-
ined the phenotypes of the corresponding double mutants.
Consistent with previous reports (Bondar et al., 2004; Holmberg
et al.,, 2005), we observed a suppression of the slow growth
phenotype in ddb1A spd1A and cdt2A spd1A cells on nonselec-
tive media (Figure 1D). In contrast, the silencing defects of ddb71A
and cdt2A were unaffected in the double mutants (Figures 1D and
1E), with the exception of a partial alleviation of the silencing
defect at a subtelomeric locus (Figures 1D and 1E). Thus, Spd1
is not the major target of Cul4-Ddb1°%? in heterochromatin
formation. Because cdt1” is an essential gene, we could not
test genetically a requirement for Cdt1 degradation in silencing.
To avoid potential secondary effects that may arise from
abnormal cellular morphology and slow growth associated with
increased levels of Spd1, we used ddb7A spd1A cells instead
of the single ddb 1A mutant for the experiments described below.

Cul4-Ddb1°92 Controls the Levels of the JmjC Protein
Epe1 by Regulating Its Protein Turnover

Considering the proteolytic role of Cul4-Ddb1¢¥2 in various
systems (Jackson and Xiong, 2009), its requirement for proper
heterochromatin formation may reflect the need for degrading
an inhibitor of silencing that acts at pericentromeric regions, sub-
telomeric regions, and the silent mating type locus. Only one
such antisilencing factor has been described in the S. pombe
literature: Epe1 (Ayoub et al., 2003; Trewick et al., 2007; Zofall
and Grewal, 2006). Having only a single obvious candidate to
test, we therefore chose to focus on this factor as a possible
target of Cul4-Ddb1°92, Using homologous recombination, we
epitope-tagged the endogenous epe?* coding sequence with
a CBP-2xFLAG tag (Epe1-FLAG) and found that the steady-
state level of the Epel protein was 3-fold higher in ddb71A
spd1A and cdt2A spdi1A mutants than in wild-type (WT) cells
(Figures 2A and 2B). This increase in Epel protein levels was
not due to changes in transcription or mRNA stability, as the
mutants did not display a difference in epe?* mRNA levels
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Figure 1. Cul4-Ddb1°%2 Promotes Silencing at Major Heterochromatic Loci Independently of the S Phase Inhibitor Spd1

(A) S. pombe heterochromatic domains with positions of the ura4* reporter genes.

(B) Cul4-Ddb1°9® cullin-RING ubiquitin ligase architecture.

(C and D) Reporter assays. N/S, nonselective; 5-FOA, 5'-fluoroorotic acid; —URA, without uracil.

(E) RT-gPCR analysis. Shown are transcript levels relative to wild-type (WT) + standard error of the mean (SEM) of three independent experiments.
(F) ChIP analysis of H3K9me2 levels. Shown are mean values relative to WT + SEM of three independent ChIP samples.

(G) ChlIP analysis of histone H3 as in (F). Error bars represent variation from the mean of two independent experiments.

See also Figure S1.

relative to WT cells (Figure 2C). These findings suggested that To examine the half-life of Epe1 protein, we performed cyclo-
the degradation of Epe1 might be affected in the ddb7A and heximide chase experiments. As shown in Figures 2D and 2E, we
cdt2A mutants. observed for WT cells that Epe1l is initially rapidly degraded,
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followed by a slower turnover after 20-30 min. This degradation
kinetics suggests that distinct pools of Epe1 exist in the cell,
which may be turned over by different pathways. In agreement
with the increased steady-state protein levels, we found that
Epe1 is stabilized in ddb1A spd1A cells and in cdt2A spd1A cells
(Figure 2E). This result implies that Cul4-Ddb1°“®? promotes
degradation of Epel in vivo. Since Cdt2 is transcriptionally
induced during S phase (Liu et al., 2005), we examined whether
Epe1 levels decreased in a Cdt2-dependent fashion upon the
induction of an S phase arrest using hydroxyurea (HU). Indeed,
we observed that, upon addition of HU to asynchronous
cultures, Epe1 levels decreased in WT cells but not in cdt2A cells
(Figure 2F). epe1* mRNA levels dropped modestly during the
time course, but there was no difference in this phenotype
between WT and cdt2A cells, indicating that the Cdt2-depen-
dent drop in protein levels was due to turnover rather than an
indirect effect of Cdt2 on epe 7™ mRNA levels. Similarly, we found
that the HU-induced turnover of Epe1 was blocked in cells lack-
ing Ddb1 (Figure S2).

To further analyze the role of Cul4-Ddb1°%2 in the regulation of
Epel, we examined whether Epe1 is ubiquitylated in vivo and
whether ubiquitylation is diminished in the ddb14 spd14 mutant.
In order to enrich for ubiquitylated Epe1 conjugates, we coex-
pressed N-terminally His-tagged ubiquitin (His-Ub) in WT and
ddb1A spd1A cells, both expressing Epel1-FLAG, and per-
formed pull-down experiments against the His-tag under dena-
turing conditions. When the precipitated His-Ub conjugates
were analyzed by anti-FLAG immunoblots, we detected distinct,
Epe1-FLAG-specific bands that show a slower migration
pattern, indicating that a fraction of Epe1 is modified by ubiquitin
(Figure 2G). Notably, whereas the levels of nonmodified Epe1 are
increased in the ddb7A spd7A cells compared to WT cells, the
corresponding ubiquitin conjugates are significantly decreased
in the mutant (Figure 2G). To quantify the decrease in Cul4-
Ddb1°92_dependent Epel ubiquitylation, we determined the
ratio of Epe1-ubiquitin conjugates (pull-down samples) to non-
modified Epe1 (input) and found that the relative level of ubiqui-
tylated Epel was about 3-fold reduced in the ddb14spd14
mutant compared to WT cells (Figure 2G). Collectively, these
results demonstrate that Epe1 is ubiquitylated and degraded in
a Cul4-Ddb1°?2-dependent manner. The remaining amount of
Epe1-ubiquitin conjugates observed in ddb71A spdi1A cells
suggests that other ubiquitylation routes exist and is consistent
with our findings that degradation of Epe1 is not entirely abro-
gated in cells lacking Cul4-Ddb1°92,

As Cdt2 is a substrate recognition component of Cul4-Ddb1
ubiquitin ligases, we tested whether it binds to Epe1. We first
examined by two-hybrid analysis whether Cdt2 and Epe1 inter-
acted. Indeed, we found that a Cdt2-lexA DNA-binding domain
bait fusion interacted with an Epe1-B42 activation domain prey
fusion but not a control prey fusion (Figures 3A and 3B). As might
be expected, this interaction appeared to be weaker than the
interaction between Epe1 and Swi6 (Figures 3A and 3B). Because
the Epe1 DNA-binding fusion protein activated transcription
strongly in the absence of a prey, it could not be used to examine
interactions. We next generated S. pombe strains harboring
epitope-tagged versions of Epel and Cdt2 expressed from
their endogenous loci. Coimmunoprecipitation experiments on

whole-cell extracts derived from these strains confirmed a
biochemical interaction between Epel and Cdt2 (Figure 3C).
These data support the view that Cul4-Ddb1°%2 directly recog-
nizes Epe1 to promote its ubiquitylation and degradation in vivo.

Cul4-Ddb1°%2 Confines Epe1 to Heterochromatin
Boundaries

To determine whether Cul4-Ddb1°%2 affects the levels of Epe1
on chromatin, we performed extensive ChIP experiments in cells
expressing Epe1-FLAG. In agreement with a previous study (Zo-
falland Grewal, 2006), we found that Epe1 can be detected in WT
cells at sites within the pericentromeric region (Figure 4A), the
silent mating type locus (Figure 4B), and the right telomeric
end of chromosome 2 (tel2R, Figure 4C). In addition, Epe1 is
present at a meiotic gene, mei4, but not at other nearby euchro-
matic genes (Figure 4D). It is important to note that, however, the
pattern of Epe1 within heterochromatin is not uniform. In agree-
ment with its function in boundary formation, Epe1 is enriched at
the margins of heterochromatin with distinct peaks coinciding
with the heterochromatic boundaries flanking the outer repeats
(at the IRC elements) and inner most repeats of centromere 1,
the left and right boundaries of the silent mating type locus
(IR-R/L), and the telomere-distal side of the telomeric t/h2* locus.
When we explored the chromatin profile of Epe1 in the ddb71A
spd1A mutant, we observed a strong accumulation of Epe1 at
all heterochromatic domains as well as the meiotic mei4 gene
(Figures 4A-4D). These increases in chromatin-associated
Epe1 were also observed in cdt2A spd1A cells (Figure 4; lower
panels) but absent in spd7A single mutants (Figure S3). Impor-
tantly, the accumulation of Epe1 in mutant cells was not confined
to the boundaries but was seen in heterochromatic regions that
are relatively depleted of Epel in WT cells. In particular, we
observed for chromatin-bound Epe1 an increase up to 7-fold
in the body of the mat2/3 silent locus but only 2-fold at the
IR-R/L boundary elements (Figure 4B). These results demon-
strate that the altered Epe1 levels on chromatin do not merely
reflect the increase in cellular Epe1 levels but indicate a signifi-
cant change in the chromosomal distribution of Epe1 in absence
of Cul4-Ddb1°92,

To understand the mechanisms that determine the hetero-
chromatic distribution of Epel, we compared its chromatin
profile with the pattern of H3K9me2. Previous work demon-
strated that Epe1 is recruited to H3K9 methyl marks by the
HP1 proteins Swi6 and Chp2 (Sadaie et al., 2008; Zofall and
Grewal, 2006), which bind preferentially to di- and trimethylated
H3K9 and show a virtually identical chromatin distribution to
H3K9me2 (Noma et al., 2001; Sadaie et al., 2008). Surprisingly,
we found that in WT cells the chromatin distributions of Epe1
and H3K9me2 are quite disparate at every heterochromatic
domain tested (Figures 5A-5C), implying that the recruitment
to heterochromatin is not sufficient to explain the specific chro-
matin profile of Epe1. In striking contrast, the profiles of Epe1 and
H3K9me2 are nearly indistinguishable in the ddb1A spd1A
mutant for the centromere and the silent mating type locus
(Figures 5D and 5E); both profiles become similar for the subte-
lomeric tel2R region as well (Figure 5F). These findings strongly
suggest that although H3K9me2 mediates the initial recruitment
of Epe1 to heterochromatin via HP1 proteins, the distribution of
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Figure 2. Cul4-Ddb1°°*2 Promotes the Ubiquitylation and Degradation of the JmjC Protein Epe1

(A) Western blot of C-terminally tagged Epe1 (Epe1-FLAG) expressed from its endogenous locus. Loading control: RNA polymerase || CTD repeat (RNAPII).
(B) Quantification of protein levels. Epe1-FLAG protein levels were normalized to RNAPII. Shown are mean values relative to WT with SEM of five independent
biological experiments.

(C) epe1™ mRNA levels. Shown are transcript levels relative to WT with SEM from independent experiments (n = 4-5).

(D) Cycloheximide (CHX) chase experiments. For the ddb1A spd1A and cdt2A spd1A samples, half of the total protein amount was loaded to better visualize
changes in the decay rates of Epe1. Loading control: RNAPII.

(E) Quantification of Epe1 decay. Epe1 protein levels were normalized to RNAPII and plotted versus time after CHX addition (time = 0 was set to 100%). Data-
are represented as mean + SEM of independent experiments (n = 7-14) and fitted for exponential decay. Single and double asterisks indicate p values of < 0.05
and < 0.01, respectively (Student’s t test).

(F) Protein levels after treatment with hydroxyurea (HU). Epe1-FLAG and Myc-Cdt2 were expressed from their endogenous loci and analyzed at the designated
time points after HU treatment (20 mM) for protein (top panels) and mRNA (lower graph) levels. Upper graph: levels of Epe1-FLAG and Myc-Cdt2, normalized to
RNAPII and plotted as percentage of the relative maximum protein level. Lower graph: mRNA levels of epe?-FLAG and Myc-cdt2 plotted as percentage of the
maximum of mRNA level.

(G) In vivo ubiquitylation of Epe1-FLAG in WT and ddb7A spd7A cells expressing 6His-ubiquitin. Input fraction (0.005%) and precipitated 6His-ubiquitin
conjugates were analyzed by anti-FLAG (upper panels) and anti-His (lower panels) immunoblotting. Negative control: WT cells expressing untagged Epe1.
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Figure 3. Cdt2 Physically Interacts with Epe1

(A) Plate yeast two-hybrid analysis. Photographs of plates were taken 1
(bottom panel) or 2 days (top panel) after exposure to X-gal.

(B) Quantitative yeast two-hybrid analysis. B-gal activity was normalized to the
empty prey for each bait and plotted for Cdt2 (blue) and Swi6 (gray). Error bars:
standard deviation (SD) of three replicates.

(C) Coimmunoprepcipation of Cdt2 with Epe1. Strains expressing endogenous
levels of Epe1-CBP-2xFLAG, Myc45-Cdt2, or both were subjected to anti-
FLAG immunoprecipitation. Input and immunoprecipitated material were
analyzed by anti-Myc (top panel) and anti-FLAG (bottom panel) immunoblots.
Note that the anti-Myc antibody slightly crossreacts with an unspecific band
that comigrates with Myc43-Cdt2 seen in the untagged anti-Myc control lane
of the input fraction.

Epe1 within heterochromatic domains, and in particular its
restriction to boundaries, is shaped by its removal from specific
heterochromatic regions by the action of the Cul4-Ddb1°92
complex.

Regulation of Epe1 by Cul4-Ddb1°92 Acts in Parallel
with the CK2-Swi6 Pathway

Because Epel is tethered to heterochromatin by silencing
factors, we tested whether the modification state of heterochro-

matin influenced its turnover. Phosphorylation of Swié by CK2
has been shown recently to inhibit the association of Epe1 with
heterochromatin and to promote the binding of the SHREC
effector complex (Shimada et al., 2009). Because CK2 mutants
and cells lacking Cul4-Ddb1°¥® both display increased associa-
tion of Epe1 with heterochromatin, we considered the hypoth-
esis that they function in a single pathway in which phosphoryla-
tion of Swi6 by CK2 triggers the turnover of Epel. This
hypothesis makes three predictions: (1) Epe1 protein should
accumulate in mutants of CK2, e.g., cells lacking its regulatory
subunit Ckb1, (2) double mutants lacking ckb7A and the ubiqui-
tin ligase should show the same increase in Epe1 association
with heterochromatin as the single mutants, and (3) mutants
lacking Cul4-Ddb1°®2 should display a decrease in the binding
of SHREC to heterochromatin seen in ckb7A mutants. As shown
in Figures 6A-6C and Figure S4A, we obtained data that contra-
dicted each of these predictions. Epe1 does not accumulate in
ckb1A cells (Figure 6A), the double mutants show more Epe1
association with heterochromatin than the single mutants (Fig-
ure 6B and Figure S4A), and SHREC occupancy is unaffected
in ligase-deficient cells (Figure 6C and Figure S4B). These data
indicate that the two mechanisms operate in parallel (rather
than in a single pathway) to regulate Epe1.

Given that Swi6 phosphorylation by CK2 is not required for
Epe1 turnover, we examined whether Swi6 was required for
Epe1 regulation. We first confirmed and extended previous
data demonstrating that Swi6 is required for the association of
Epe1 with heterochromatin, finding that at boundaries, Epe1
association was either completely (/R-L/R) or nearly completely
(IRC1) eliminated in swi6A cells (Figure 6D and Figures S4C
and S4D). Next we tested whether Epe1 levels accumulate to
those seen in ddb71A and cdt2A mutants when swi6* is deleted.
We found only a subtle increase in Epe1 levels in swi6A cells,
indicating that Swi6 is not critical for Epe1 turnover (Figures 6E
and 6F). These results demonstrate that heterochromatin asso-
ciation is not required for Epel1 turnover. Nonetheless, given
that Epe1 is a chromatin-bound protein (Sadaie et al., 2008;
Shimada et al., 2009; Zofall and Grewal, 2006), it seems likely
that its ubiquitylation and its regulation occur in the context of
chromatin (see Discussion).

Regulation of Epe1 Is Sufficient to Explain the Role

of Cul4-Ddb1°%2 in Heterochromatin Formation

Next, by deleting epe?* in a ddb1A spd7A strain, we examined
whether the misregulation of Epe1 accounts for the defects in
heterochromatin formation observed in cells lacking Ddb1.
Indeed, by using silencing reporter assays, we found that the
silencing defect of ddb71A spd7A cells was suppressed in the
ddb1A spd1A epelA triple mutant at the pericentromeric region
and the mating type locus (Figure 7A). This suppression was
specific for the Cul4-Ddb1°® pathway, as deletion of epe?* did
not suppress the silencing defect of cells lacking Rik1, the Ddb1
paralog in the Clr4-associated ubiquitin ligase Cul4-Rik1P°s",

Note that a fraction of nonubiquitylated Epe1 can also be detected in the pull-down samples, probably due to the presence of several His-residue clusters within
the Epe1 protein. Graph below shows the mean values of the ubiquitylation level of Epe1 relative to WT of three independent experiments (error bars = SEM). Total
Epe1-ubiquitin conjugates (without the nonmodified Epe1 fraction) was quantified by densitometry of anti-FLAG western blots and normalized for the input level.

See also Figure S2.
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Figure 4. Deletion of ddb1* Causes Accumulation of Epe1 within Heterochromatin Domains

ChlP analysis of Epe1 at centromere 1 (A), the silent mating type region (B), the subtelomeric region of telomere 2 (C), and a meiotic gene locus (D) in WT (blue) and
ddb1A spd1A cells (red). Upper panels: ChIP signals normalized to act1*. Lower panels: fold enrichment of Epe1 in ddb7A spd1A (red) and cdt2A spdi1A
(dark red) relative to WT. Data are represented as mean + SEM of three independent experiments.

See also Figure S3.

Furthermore, the suppression of the silencing defect of ddb71A
spd1A was due to the loss of Epel, as complementation of the
epelA mutation by reintroducing epe?* completely reverted
the suppression phenotype (Figure 7A). Consistent with these
silencing reporter assay results, RT-gPCR measurements re-
vealed that the levels of ura4* transcripts originating from the
mat3M::ura4”* locus were reduced in ddb71A spd1A epelA cells
to WT levels (Figure 7B).

In agreement with a previous study (Trewick et al., 2007), we
found that epe1A single mutants display a quantitative increase
in centromeric transcripts (Figure S5), precluding a similar
analysis at these regions. We instead probed the suppression
of the ddb1A-associated silencing defects by investigating the
level of H3K9me2 at pericentromeric and telomeric regions,
which are decreased in cells lacking Ddb1 (Figure 1F). Remark-
ably, we observed that H3K9me2 levels were restored to WT
levels in a ddb1A spdi1A epelA mutant at the pericentromeric
region (Figure 7C). The H3K9me2 defect was also suppressed
in this triple mutant at te/2R to levels seen in an epe1A single
mutant. These results indicate that the reduced levels of
H3K9me2 at these heterochromatic loci are caused by misregu-
lation of Epe1 in cells lacking Cul4-Ddb1°92. Collectively these
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findings demonstrate that degradation of Epe1 is sufficient to
explain the requirement of Cul4-Ddb1°%?2 for silencing.

DISCUSSION

Our study identified a regulatory mechanism required for
proper boundary architecture and heterochromatic silencing in
S. pombe. This mechanism involves the conserved ubiquitin
ligase Cul4-Ddb1¢¥2, which targets the JmjC protein Epel for
ubiquitin-dependent degradation. Epe1 antagonizes the spread
of heterochromatin and has a potential role in boundary forma-
tion (Ayoub et al., 2003), yet it is found within heterochromatic
domains and associates directly with the H3K9me-binding
protein Swi6 (Zofall and Grewal, 2006). This paradoxical finding
raises the fundamental question of how Epel is precluded
from interfering with heterochromatin formation. Our findings
demonstrate that Cul4-Ddb1¢¥? controls the chromosomal
landscape of Epe1 in a manner that substantially restricts its
accumulation to heterochromatic boundaries by limiting its
spreading into the bodies of heterochromatic domains. This
heterochromatin-shaping function of Cul4-Ddb1¢%# is required
for silencing.
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Figure 5. Epe1 Is Confined to Heterochromatic Boundaries in Wild-Type but Spreads through Entire Heterochromatin Domains in Cells

Lacking Ddb1

Relative chromatin distribution of Epe1 (red) and H3K9me2 (green) within heterochromatic regions in WT (A-C) and ddb 1A spd1A cells (D-F). ChIP for Epe1-FLAG
and H3K9me2 were performed as described in Figure 1F and Figure 4. ChIP data were act?* normalized and median centered. Data are represented as
mean + SEM of three independent experiments relative to the maximum (100%) of each heterochromatic region.

A Conserved Ubiquitin Ligase Promotes Silencing

by Targeting a Silencing Inhibitor

We identified Ddb1 and Cdt2 as silencing factors in targeted
knockout screens for pericentromeric silencing and demon-
strated their requirement for the integrity of other heterochro-
matic domains. Mutants of ddb7* and cdt2" are indistinguish-
able in their silencing defects and are epistatic to each other
(Figure 1). Ddb1 and Cdt2 are highly conserved proteins (25%
and 26% identity, 47% and 44% similarity, respectively,
between the fission yeast and human homologs). Both proteins
were originally identified as a heterodimeric factor recruited to
DNA upon damage by ultraviolet irradiation (UV) (Dualan et al.,
1995; Keeney et al., 1993), and mutations in the DCAFs DDB2
and CSA are associated with the human diseases Xeroderma
pigmentosum complementation group E (XP-E) and the Cock-
ayne Syndrome (CS), respectively (O’Connell and Harper,
2007). Although more than 50 different DCAFs have been identi-
fied (Lee and Zhou, 2007), the number of known substrates is

significantly smaller, reflecting the difficulty of identifying sub-
strates of ubiquitin ligases. Notably, the known substrates are
predominantly chromatin-associated proteins, suggesting a
specialized role for Cul4-Ddb1 ligases in nuclear processes
(O’Connell and Harper, 2007). Here we show that Cul4-Ddb1°4t?
targets Epe1 in vivo (Figure 2) and that the putative substrate
recognition subunit Cdt2 interacts with Epe1 (Figure 3). In WT
cells, Epe1 is polyubiquitylated and degraded by an initial rapid
and a late slow decay. Conversely, in cells lacking Ddb1 or
Cdt2, Epe1 is significantly stabilized. Ubiquitylation of Epe1 is
not completely abolished in ddb7A mutant cells, and only the
rapid decay component is abrogated in the mutants, suggesting
that other ligases likely also target Epe1. Nonetheless, the regu-
lation of Epel by Cul4-Ddb1°%2 appears to be sufficient to
explain the role of the ligase in silencing: The silencing defect
at the mat3M locus and the decrease of H3K9 methylation at
pericentromeric regions in ddb71A mutants are completely
suppressed by removal of Epe1.
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Figure 6. Cul4-Ddb1°%? -Dependent Degradation of Epe1 Acts Independently of HP1 Phoshorylation by Casein Kinase I

(A) Epe1-FLAG protein levels from quantified western blots (normalized to RNAPII). Shown are mean values relative to WT with SEM from five independent
experiments (except ddb1A spd71A with n = 2; error shows the variation from the mean).

(B) ChlIP analysis of Epe1-FLAG levels at centromere 1 (region between cen-dh and -dg). ChlP signals were normalized to act1*. Shown are mean values with SD
of three parallel IP samples of one representative experiment.

(C) ChIP analysis of CIr1-FLAG levels at the silent mating type region. Shown are mean values of two independent experiments with error bars representing the
variation from the mean.

(D) ChIP analysis of Epe1-FLAG levels at the outer boundary of centromere 1 (left panel), at inverted repeats of silent mating type region (middle panel), and at
subtelomeric locus telomere-distal of t/h2 (right panel) in WT and swi6A cells. Shown are mean values with SD of three parallel IP samples of one representative
experiment.

(E) Epe1-FLAG protein levels. For comparison, the level of Epe1-FLAG in ddb1A spd1A (from Figure 2B) is also shown. Shown are mean values relative to WT with
error bars (SEM) from independent experiments (n = 4-5).

(F) epe1-FLAG mRNA levels. For comparison, the level of epe7-FLAG in ddb1A spd1A (from Figure 2C) is displayed. Shown are mean values relative to WT with
error bars (SEM) from independent experiments (n = 4-8).

See also Figure S4.

Sculpting Heterochromatin by Preventing would not be expected to result in its enrichment at boundaries.
the Internal Spread of a Silencing Inhibitor Second, changes in Epe1 levels at chromatin are not uniform in
Cul4-Ddb1° affects the Epel levels on chromatin consistent  cells lacking the ubiquitin ligase but instead show a distinct
with its known role in regulating other chromatin-associated pattern: a strong accumulation of Epe1 within the bodies of
substrates. We observed that Epe1l is located predominantly the heterochromatic domains but only a modest increase of
at the heterochromatic boundaries in WT cells, in agreement Epe1 at the boundaries (Figure 4). This is not because the asso-
with the notion that Epe1 plays a role in boundary formation ciation of Epe1 with boundary chromatin is saturated under
(Ayoub et al., 2003; Zofall and Grewal, 2006). In striking these conditions, as we have found that cells also lacking
contrast, Epe1 accumulates to high levels in the bodies of ckb71A display even higher levels of Epe1 on chromatin (Fig-
heterochromatic domains in cells lacking Cul4-Ddb1°¥2. ure S4A). Third, there is only a 3-fold increase of the total
Although our results show that turnover of Epel does not pool of Epel in ddb7A and cdt2A mutant cells, whereas the
require its association with heterochromatin, several pieces of chromatin-bound Epel accumulates up to 7-fold (Figure 4).
evidence suggest that its regulation likely takes place on chro-  Fourth, whereas the distribution of Epe1 differs substantially
matin (Figures 7D and 7E). First, we confirmed previous findings  from the chromatin profile of H3K9me2 in WT cells, its chro-
that show that Epe1 does not appear to have affinity for bound- matin localization is nearly identical to the H3K9me2 pattern
aries in the absence of Swi6; thus, increasing Epe1 levels per se  in absence of Ddb1 and no longer shows a preference to the
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Figure 7. Deletion of epe?* Suppresses the Silencing Defect of Cells Lacking Ddb1

(A) Reporter gene assays. N/S, nonselective; 5-FOA, 5'-fluoroorotic acid.

(B) RT-qPCR of ura4* transcript levels derived from mat3M::ura4*. Shown are mean values relative to WT + SEM of three independent experiments.
(C) ChIP analysis of H3K9me2 at centromere 1 and the right arm subtelomeric region of chromosome 2. Shown are mean values + SD of three parallel IP samples

of one representative experiment.

(D) Model for boundary formation through recruitment of Epe1 to heterochromatin by HP1 proteins and its subsequent removal from central heterochromatic

domains by Cul4-Ddb1°9®, See text for details.
(E) Independent pathways regulate Epe1 at chromatin. See text for details.
See also Figure S5.

boundaries (Figure 5). Taken together, these findings strongly
suggest that Epe1 by itself does not have any particular affinity
to boundary elements, but rather that its removal from the
body of heterochromatin explains its relative enrichment at
boundaries.

A corollary to this model is that Epe1 must be protected from
removal by Cul4-Ddb1°92 at boundaries. Much evidence points
to a role for nuclear envelope tethering as a requirement for
boundary function (Ishii and Laemmli, 2003; Noma et al., 2006;
Yusufzai et al., 2004). It is thus possible that subnuclear
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localization of boundary regions limits their accessibility to Cul4-
Ddb1°92 or the proteasome. Such a mechanism together with
the ability of Swi6 to recruit Epel to heterochromatin could
explain the enrichment of Epe1 observed at boundaries.

Posttranslational modification or the presence of auxiliary
factors could also play a role in directing Cul4-Ddb1°%® to
Epel. Mutants defective in phosphorylation of Swi6 by CK2
display increased accumulation of Epe1 and decreased accu-
mulation of the SHREC ATPase/HDAC complex on chromatin
(Shimada et al., 2009). Together with our observations, these
published data would be compatible with a model in which
phosphorylation of Swi6 triggers Epe1 turnover. However, our
analysis demonstrates decisively that Swi6 phosphorylation
and ubiquitylation of Epel by Cul4-Ddb1°¥2 act in different
pathways to regulate the heterochromatin association of Epe1
(Figure 7E). That this protein is subjected to multiple layers of
regulation is striking and emphasizes the concept that tightly
regulating this antisilencing factor is critical for maintaining
heterochromatic domains.

Regulation of the Activity of Epe1 by Defining

Its Distribution within Heterochromatin

The barrier function of Epe1 correlates with its spatial restriction
to the boundaries. Conversely, when Epe1 accumulates within
heterochromatic domains due to the absence of Cul4-Ddb1°2,
lack of phosphorylation of Swi6, or overexpression of Epel, it
acts as an antagonist of silencing (Shimada et al., 2009;
Zofall and Grewal, 2006). Interestingly, mutants of epe7* affect
Pol Il-dependent transcription through heterochromatin and
are perturbed in their levels of heterochromatic siRNAs (Trewick
et al., 2007; Zofall and Grewal, 2006). These observations may
point to an additional role of Epe1 besides its barrier function
that is associated with the RNAi-dependent pathway of hetero-
chromatin formation. Indeed, we observed within the body of
heterochromatic regions detectable amounts of Epel above
background levels (Figure 4). These low levels of chromatin-
bound Epe1 may represent the pool that is deposited prior to
its removal by Cul4-Ddb1°%2, Considering that the processes
of Pol ll-dependent transcription through heterochromatin and
siRNA formation are restricted to S phase (Chen et al., 2008;
Kloc et al., 2008) and are also affected by Epel (Zofall and
Grewal, 2006), it is possible that targeting of Epe1 by Cul4-
Ddb1°9% is temporally controlled. This notion is supported by
the finding that Cdt2, which itself is an unstable protein, is ex-
pressed only within a short time window during S phase (Liu
et al., 2005; Oliva et al., 2005). In such a scenario, initial tethering
of Epe1 to Swi6 would stimulate the binding of Pol Il to hetero-
chromatin and thus the formation of siRNAs during S phase;
subsequent removal of Epe1 by Cul4-Ddb1°%2 would then allow
assembly of heterochromatin.

General Role of CRLs in Silencing

The general significance of ubiquitylation in regulating hetero-
chromatin formation is highlighted by the specialized CRL
Cul4-Rik1P°s”2 which is associated with the histone methyl-
transferase ClIr4 in the CLRC complex and is required for
silencing. The biologically relevant substrate of this E3 and its
specific role in heterochromatin formation have not been eluci-
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dated. Orthologs of Rik1 have not been identified in other eukary-
otes so far; however, the requirement of coupling E3 activity with
H3K9 methylation seems to be conserved. A recent study
demonstrated that mutants of Cul4 and Ddb1 homologs in
N. crassa are completely deficient in H3K9 methylation analo-
gous to rik1 mutants in S. pombe (Zhao et al., 2010). Moreover
Cul4 is associated with the corresponding H3K9 histone methyl-
transferase, suggesting that a homologous Cul4-Ddb1PCAF
complex replaces the role of Cul4-Rik1P°%" in this fungal species
(Zhao et al., 2010). Intriguingly, Ddb1 and Cullin-4A were also
found to be components of the CEN-complex, which associates
with the centromere-specific histone H3 CENP-A in human cells
(Obuse et al., 2004), suggesting a conserved role in chromatin
regulation. Whether CRLs of N. crassa and mammals target inhib-
itory substrates analogous to Epe1 remains to be investigated.

EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, and Techniques

Standard media and genome engineering methods were used. 5-FOA media
contained 1 g/l 5'-fluoroorotic acid. Synthetic complete (SC) media minus
the corresponding amino acid were used for drop-out media. EMM-leu media
were used for growing strains harboring pREP1 plasmids. Strains are listed in
Table S2.

Library Construction and Screen
Gene disruptions were performed in an imr1L(Ncol)::ura4 otr1R(Sphl)::ade6K
P(h*) reporter strain (Ekwall et al., 1999).

Yeast Two-Hybrid Analysis

Plasmids containing fusion proteins of Swi6, Cdt2, and Epe1 (described in
Table S3) were transformed into EGY48 (Golemis et al., 2009). Cultures were
grown overnight in SC-his-trp-ura +2% raffinose, plated onto SC-his-trp-
ura +1% raffinose +2% galactose, and grown for 2 days at 30°C. Cells were
permeabilized by chloroform and overlayed with top agar containing X-gal as
described (Richteretal.,2007). For liquid assays, overnight cultures were diluted
1:20 and grown in SC-his-trp-ura +1% raffinose +2% galactose for another 4 hr.
B-galactosidase liquid assays were performed as described (Shock et al., 2009),
except that 20 pul each cell culture and permeabilization buffer were used.

Chromatin Immunoprecipitation

ChIP experiments were performed essentially as described (Nobile et al.,
2009). Unless otherwise noted, cells were crosslinked with 1% formaldehyde
for 20 min at 30°C. To increase the ChlIP sensitivity, in Figure 6D and Figures
S4B-S4F, crosslinking was performed by subsequent treatment of 10 mM
dimethyl adipimidate and 1.5% formaldehyde as described (Kurdistani and
Grunstein, 2003), except that formaldehyde crosslinking was restricted to
30 min. Epe1-FLAG, CIr1-FLAG, and anti-H3K9me2 were immunoprecipitated
with 2-5 ug antibody (anti-FLAG, Sigma F3165; anti-H3K9me2, Abcam ab
1220) from lysates corresponding to 50-75 optical density 600 (ODgqo)
(Epe1-FLAG, CIr1-FLAG) and 15-25 ODgqo (H3K9me2) of cells. Immunopre-
cipitated DNA was quantified by real-time PCR (gPCR) with primers listed in
Table S4 and normalized against act7*.

RNA Extraction and RT-qPCR Analyses

RT-gPCR experiments were carried out as previously described (Rougemaille
et al., 2008), except that RNA samples were DNasel-treated with DNA-free kit
(Ambion). Ten micrograms of RNA was used in standard RT reactions using
oligo[(dT)20-N] primers. cDNAs were quantified by gPCR with the primers
listed in Table S4 and normalized against act7™.

Immunotechniques
For examination of protein levels, extracts were prepared under denaturing
conditions (Knop et al., 1999). Cycloheximide (CHX) chase experiments



were performed as described (Braun et al., 2002) except that 0.15 pg/ml CHX
was used as final concentration. Lysates corresponding to 1 ODggo of cells
were analyzed by immunoblotting with anti-FLAG (Sigma, P3165) and anti-
RNA polymerase Il carboxy-terminal domain (CTD) repeat (Abcam ab817)
antibodies diluted 1:1000 and 1:8000, respectively, in blocking solution
(LI-COR). For detection and quantification, an infrared imaging system
(Odyssey, Li-COR) and the corresponding software were used. Details of
coimmunoprecipitation experiments can be found in the Extended Experi-
mental Procedures.

Ubiquitin Pull-Down Experiments

Expression of nmt1 promoter-driven 6His-ubiquitin (pREP1-6His-Ubi) was
performed as described. Thirty to Forty-five minutes prior to harvest, cells
were treated with 5 mM NEM added directly to the growth medium. Protein
extraction and binding of ubiquitin conjugates were done under denaturing
conditions essentially as described (Sacher et al., 2005). Further details can
be found in the Extended Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,
five figures, and four tables and can be found with this article online at
doi:10.1016/j.cell.2010.11.051.
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EXTENDED EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, and Techniques

For S. pombe strains, see Table S2. The pREP1-6His-Ubi plasmid was a gift by Takashi Toda. Homologous replacement of DNA was
accomplished by lithium acetate transformation of PCR products containing 100 or 500 bp of targeting homology. YES rich media (5
g/l Difco yeast extract, 250 mg/| of each L-histidine, L-leucine, adenine, uracil, L-lysine, and 3% glucose) was used in all experiments
unless otherwise mentioned.

Coimmunoprecipitation

For coimmunoprecipitating of Cdt2 with Epe1, cells corresponding to 1000 ODgpg Were harvested from log phase cultures and
washed twice with cold ddH,O and once with lysis buffer (16.67 mM HEPES-KOH, pH 7.9; 0.067 mM EDTA, pH 8.0; 0.47 mM
EGTA; 1.3 mM MgCl,; 13.3% Glycerol; 0.067% Tween-20; 250 mM KCI; 1 mM AEBSF; 1 Roche Complete, EDTA-free, protease
inhibitor tablet per 50 ml; 0.0034% Sigma fungal protease inhibitors mix; 1 mM DTT). Extracts were obtained by manual lysis using
mortar and pestle for 30 min. Cleared lysates (12K RPM, 20 min at 4°C) were incubated with 30 pl Anti-M2 Flag agarose beads
(A2220, Sigma) for 2 to 3 hr at 4°C. The bound material was washed three times with lysis buffer for 10 min at 4°C and subsequently
eluted by adding 100 l elution buffer (lysis buffer without KCI containing 1% SDS) and incubating at 65°C for 10 min. The immuno-
precipitated material and input samples were analyzed by standard immunoblotting procedures using anti-FLAG (Sigma, P3165,
1:3000) or anti-Myc (Abcam, ab9106, 1:3000) antibodies.

Ubiquitin Pull-Down Experiments

Cell cultures corresponding 500 ODggo Were harvested and cells were lysed by resuspending cell pellets in 12 ml 1.85 M NaOH con-
taining 7.5% B-mercaptoethanol. Proteins were precipitated by adding 12 ml 55% TCA (20 min incubation on ice) and spinning at at
4500 x g for 15 min (e.g., Beckman, JS-5.3 rotor). Protein pellets were washed twice with —20°C acetone and solubilized by adding
12 ml buffer A (6 M guanidinium chloride, 100 mM NaH,PO,4, 50 mM Tris/HCI pH 8) containing 0.05% Tween20 and nutating for 1-3 hr
at room temperature. The solubilized material was cleared by centriguation at 15,000 x g for 20 min at 4°C (Beckman, JA 25.50 rotor).
His-Ubiquitin conjugates were bound to TALON magnetic beads (200-300 pl; Clontech) by nutating for 2-3 hr at room temperature in
presence of 10 mM imidazol. The bound material was washed three times with buffer A containing 0.05% Tween and 2 mM imidazole
and 5 times with buffer C (8 M urea, 100 mM NaH,PO4, 50 mM Tris/HCI pH 5.9) containing 0.05% Tween. The bound material was
eluted by adding 30 ul 1% SDS and incubating at 65°C for 10 min. The eluted material was dried in a speedvac and resuspended in
15 ul H>O to which 15 pl HU (8 M urea, 5% SDS, 100 mM DTT, 60 mM Tris/HCI pH 6.8 or 60 mM phosphate buffer, 1% brome phenol
blue, 20% glycerol) buffer was added. Pull-down samples were analyzed by immunoblotting with anti-FLAG (Sigma, P3165, 1:1000)
and anti-His antibodies (Santa Cruz, sc-8036 HRP, 1:2500). Signals were detected by chemiluminescence (SuperSignal West Pico,
Pierce Biotechnology), quantified by densitometry and analyzed with Imaged software. To calculate the relative Epe1 ubiquitylation
level in Figure 2G, the sum of signal intensities of single bands corresponding to the various Ubiquitin-Epe1 conjugates was deter-
mined. In addition the signal intensity derived from the total Ubiquitin-Epe1 conjugates was quantified. Both values were then aver-
aged and set into relation to the corresponding input signal intensities, resulting in the relative ubiquitylation level.
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Identification of Novel Factors in Heterochromatic Silencing, Related to Figure 1
(A) Reporter assays showing degree of silencing of pericentromeric imr1L::ura4* in deletion mutants and WT as indicated. Cells were plated in 5-fold serial dilu-
tions on nonselective (N/S) and 5-FOA containing media. Positive controls for a strong weak silencing defect, clr4A (Allshire et al., 1995), and for a weak silencing

mat3M

spindle pole body proteins



(B-E) RT-gPCR depicting the steady-state levels of transcripts originating from the innermost region (B), the centromeric dh (C) and dg repeats (D), and subtelo-
meric regions (tth1*/tlh2*; E) in mutants as indicated. All gene deletions were made in the imr1L::ura4* strain background. Values were normalized to act?* tran-
script levels. Shown are mean values relative to WT with SEM of 3-4 independent biological experiments. The single and double asterisks denote p values of <
0.05 and < 0.01, respectively, for increases over transcript levels in WT cells as calculated by Student’s t test.

(F) Reporter assays of silencing at mat3M::ura4* in mutants and WT as described in (A). Top: scheme of silent mating type locus.

(G) RT-gPCR showing the steady state level of mat3M::ura4* transcripts in mutants and WT as indicated. Values were normalized to act7* transcript levels.
Shown are mean values relative to WT with SEM from three independent biological experiments.

(H) Overview on functional groups of deletion mutants present in the library. Individual candidates are listed in Table S1.
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Figure S2. Treatment with Hydroxyurea Induces Degradation of Epe1 in a Ddb1-Dependent Manner, Related to Figure 2

Protein steady-state levels after treatment with hydroxyurea (HU) in WT and ddb7A spd1A cells. Epe1-FLAG was expressed from its endogenous locus and
analyzed at the designated time points after HU treatment (20 mM) for protein (top panels) and mRNA (lower graph) levels of Epe1 and Cdt2. The upper graph
shows the quantification of protein levels of Epe1-FLAG, which were normalized to RNAPII levels and plotted as percentage of the relative maximum protein level.
The lower graph shows the quantification of transcript levels by RT-qPCR. mRNA levels of epe 1-FLAG were normalized to act1* levels and plotted as percentage
of the maximum of mRNA level. In addition, the kinetic of the cdt2* mRNA expression is shown, which is similar to the expression profile of myc-tagged Cdt2
(Figure 2F).
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High-resolution mapping of Epe1 at centromere 1 (A), the silent mating type region (B), the subtelomeric region of telomere 2 (C), and a meiotic gene locus (D) in
WT (blue), spd1A (red), and WT cells expressing nontagged Epe1 (gray). anti-FLAG ChIP was performed with cells expressing Epe1-FLAG (control: nontagged
Epe1) using tiling oligonucleotides at 400-800 bp resolution. All ChIP signals were normalized to act7*. Shown are mean values + SEM of three independent
biological experiments.
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Figure S4. High-Resolution Mapping by ChIP, Related to Figure 6

(A) Epe1-FLAG ChIP in WT (blue), ckb1A (light blue), and ddb1A spd1A (red) and ckb1A ddb1A spd1A (orange) cells at centromere1. Shown is a representative
experiment.

(B) CIr1-FLAG ChIP in WT (blue) and ddb1A spd1A (red) cells at the silent mating type region. The error represents the variation from the mean from two inde-
pendent experiments.

(C and D) Epe1-FLAG ChIP in WT (red) and swi6A (green) cells at centromere 1 and the silent mating type region. As a control, ChIP was performed with a strain
expressing nontagged Epe1 (gray). Shown is a representative experiment. All ChIP signals were normalized to act?*. To increase the sensitivity of ChlP, samples
in Figure B-D were crosslinked by a combination of dimethyl adipimidate and formaldehyde (DMA + FA).

(E and F) Combining dimethyl adipimidate and formaldehyde does not affect the relative distribution of the recovered chromatin-bound proteins. ChIP signals
normalized to act1* from WT cells expressing Epe1-FLAG that were crosslinked either with formaldehyde (FA) or with a combination of dimethyl adipimidate
and formaldehyde (DMA + FA) were median-normalized and plotted for centromere 1 (E) and the silent mating type region (F). Shown is a representative exper-
iment.
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Figure S5. Deletion of epe1* Results in Elevated Transcripts at the Pericentromeric Regions, Related to Figure 7

RT-qPCR of ura4™* transcript levels derived from the pericentromeric imr region of cen1 in strains as indicated. Two independent epe 1A deletion strains (I, Il) were
examined, which show intra- and interclonal variability as previously reported (Trewick et al., 2007). Shown are mean values with errors (SEM) of 3—4 independent
biological experiments.
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Table S1. S. pombe Knockout Strains of Deletion Library, Related to Figure 1

name uib function class

pdp3 SPAC23D3.01 PWWP domain protein nuclear dot/SPB
SPBC11B10.08 SPBC11B10.08 conserved fungal protein nuclear dot/SPB
SPAC323.03c SPAC323.03c sequence orphan nuclear dot/SPB
SPCC2H8.05¢ SPCC2H8.05¢ sequence orphan nuclear dot/SPB
SPAC1805.14 SPAC1805.14 sequence orphan nuclear dot/SPB
utp6 SPBC244.02¢c U3 snoRNP-associated protein Utp6 nuclear dot/SPB
rnal4 SPAC6F12.17 mRNA cleavage and polyadenylation specificity factor nuclear dot/SPB

complex subunit Rnal4
SPAC29B12.08 SPAC29B12.08 sequence orphan nuclear dot/SPB
SPBC31F10.10c SPBC31F10.10c zf-MYND type zinc finger protein nuclear dot/SPB
pdpl SPBC29A3.13 PWWP domain protein Pdpl nuclear dot/SPB
rfpl SPAC19A8.10 SUMO-targeted ubiquitin-protein ligase subunit Rfpl nuclear dot/SPB
SPBC215.06¢c SPBC215.06¢ human LYHRT homolog nuclear dot/SPB
SPAC3H8.08c SPAC3H8.08c transcription factor nuclear dot/SPB
SPAC328.05 SPAC328.05 RNA-binding protein involved in export of mMRNAS nuclear dot/SPB
SPCC417.09¢c SPCC417.09c transcription factor nuclear dot/SPB
rfp2 SPAC343.18 SUMO-targeted ubiquitin-protein ligase subunit Rfp2 nuclear dot/SPB
SPBC660.06 SPBC660.06 conserved fungal protein nuclear dot/SPB
SPBC1773.16¢c SPBC1773.16¢ transcription factor nuclear dot/SPB
SPBC776.16 SPBC776.16 sequence orphan nuclear dot/SPB
SPBC1604.16¢ SPBC1604.16¢ RNA-binding protein, G-patch type (predicted) nuclear dot/SPB
irs4 SPAC1687.09 ENTH/VHS domain protein nuclear dot/SPB
SPCC126.11c SPCC126.11c RNA-binding protein, rrm type nuclear dot/SPB
SPBC23G7.13c SPBC23G7.13c urea transporter nuclear dot/SPB
SPBC28E12.02 SPBC28E12.02 RNA-binding protein nuclear dot/SPB
SPAC11D3.16¢ SPAC11D3.16¢ sequence orphan nuclear dot/SPB
SPCC622.15¢ SPCC622.15¢ sequence orphan nuclear dot/SPB
ubad SPAC2G11.10c URML1 activating enzyme nuclear dot/SPB
SPBC20F10.10 SPBC20F10.10 cyclin pho85 family nuclear dot/SPB
atgl7 SPAC10F6.11c autophagy associated protein kinase activator Atgl7 nuclear dot/SPB
SPBC16G5.17 SPBC16G5.17 transcription factor, zf-fungal binuclear cluster type nuclear dot/SPB
SPBC2G2.14 SPBC2G2.14 sequence orphan nuclear dot/SPB
SPBC23E6.02 SPBC23E6.02 ATP-dependent DNA helicase nuclear dot/SPB
SPBC16G5.03 SPBC16G5.03 ubiquitin-protein ligase E3 nuclear dot/SPB
SPBC2G5.02¢ SPBC2G5.02¢ CK2 family regulatory subunit nuclear dot/SPB
SPBC146.06¢ SPBC146.06¢ VRR-NUC nuclease associated domain, human MTMR15 nuclear dot/SPB
homolo

SPBC25B2.08 SPBC25B2.08 sequencge orphan nuclear dot/SPB
SPAC139.03 SPAC139.03 transcription factor, zf-fungal binuclear cluster type nuclear dot/SPB
SPAC6G10.10c SPAC6G10.10c human hmmtag2 homolog nuclear dot/SPB
SPAC18B11.11 SPAC18B11.11 GTPase activating protein nuclear dot/SPB
SPAC6B12.14c SPAC6B12.14c conserved fungal protein nuclear dot/SPB
SPBC3H7.13 SPBC3H7.13 FHA domain protein Far10 (predicted) nuclear dot/SPB
SPBC56F2.03 SPBC56F2.03 actin-like protein Arp10 (predicted) nuclear dot/SPB
mug93 SPBC32H8.06 TPR repeat protein, meiotically spliced nuclear dot/SPB
SPBC56F2.05¢ SPBC56F2.05¢ transcription factor nuclear dot/SPB



name uib function class

SPAC2G11.05¢ SPAC2G11.05¢ BRO1 domain protein nuclear dot/SPB
SPAC12B10.10 SPAC12B10.10 sequence orphan nuclear dot/SPB
SPAC17G8.02 SPAC17G8.02 uridine ribohydrolase nuclear dot/SPB
SPCC548.05¢ SPCC548.05¢ ubiquitin-protein ligase E3 nuclear dot/SPB
SPBC337.03 SPBC337.03 RNA polymerase Il transcription termination factor nuclear dot/SPB

(predicted)
SPAC18G6.13 SPAC18G6.13 sequence orphan nuclear dot/SPB
urkl SPCC162.11c uridine kinase/uracil phosphoribosyltransferase nuclear dot/SPB
Ish5 SPBC31F10.07 cortical component Lsb5 (predicted) nuclear dot/SPB
SPBC902.04 SPBC902.04 RNA-binding protein nuclear dot/SPB
SPCC1442.13c SPCC1442.13c RNA-binding protein, G-patch type nuclear dot/SPB
SPAC11D3.07¢c SPAC11D3.07¢c transcription factor nuclear dot/SPB
SPCC1450.03 SPCC1450.03 ribonucleoprotein (RNP) complex (predicted) nuclear dot/SPB
SPAC1610.02c SPAC1610.02¢c mitochondrial ribosomal protein subunit L1 nuclear dot/SPB
ada2 SPCC24B10.08c SAGA complex subunit Ada2 nuclear dot/SPB
adll SPBC713.06 DNA ligase nuclear dot/SPB
alpl4 SPCC895.07 TOG ortholog Alp14 nuclear dot/SPB
alpl16 SPCC4G3.19 gamma tubulin complex subunit Alp16 nuclear dot/SPB
alp7 SPAC890.02c centrosomal transforming acidic coiled-coil nuclear dot/SPB
apll SPBC2G2.06¢ AP-2 adaptor complex subunit Apll nuclear dot/SPB
apl5 SPAC144.06 AP-3 adaptor complex subunit Apl5 nuclear dot/SPB
apm3 SPBC651.11¢c AP-3 adaptor complex subunit Apm3 nuclear dot/SPB
apm4 SPAC31A2.09c AP-2 adaptor complex subunit Apm4 (predicted) nuclear dot/SPB
arzl SPCC1494.03 armadillo repeat containing, Zfs1 target number 1 nuclear dot/SPB
atf21 SPBC2F12.09¢c transcription factor Atf21 nuclear dot/SPB
atf31 SPAC22F3.02 transcription factor Atf31 nuclear dot/SPB
bdfl SPCC1450.02 Swrl complex bromodomain subunit Brfl nuclear dot/SPB
bisl SPCC364.02¢c stress response protein Bisl nuclear dot/SPB
cbhl SPAC9E9.10c CENP-B homolog Cbh1 nuclear dot/SPB
cdc31 SPCC1682.04 centrin nuclear dot/SPB
chkl SPCC1259.13 Chk1 protein kinase nuclear dot/SPB
chr3 SPAC24B11.10c chitin synthase regulatory factor Chr3 (predicted) nuclear dot/SPB
cut23 SPAC6F12.14 anaphase-promoting complex subunit Apc8 nuclear dot/SPB
cwf21 SPAC4A8.09¢c complexed with Cdc5 protein Cwf21 nuclear dot/SPB
dmal SPAC17G8.10c mitotic spindle checkpoint protein Dmal nuclear dot/SPB
dskl SPBC530.14c SR protein-specific kinase Dsk1 nuclear dot/SPB
ersl SPCC1393.05 RNA-silencing factor Ersl nuclear dot/SPB
escl SPAC56F8.16 transcription factor Escl nuclear dot/SPB
exol SPBC29A10.05 exonuclease | Exol nuclear dot/SPB
fepl SPAC23E2.01 iron-sensing transcription factor Fepl nuclear dot/SPB
fftl SPAC20G8.08c fun thirty related protein Fftl nuclear dot/SPB
fhil SPAC1142.08 fork head transcription factor Fhil nuclear dot/SPB
fibl SPBC2D10.10c fibrillarin nuclear dot/SPB
finl SPAC19E9.02 serine/threonine protein kinase Finl nuclear dot/SPB
fta6 SPAC11H11.05¢ Sim4 and Mal?2 associated (4 and 2 associated) protein 6 nuclear dot/SPB
gef2 SPAC31A2.16 RhoGEF Gef2 nuclear dot/SPB
gitl SPBC21C3.20c C2 domain protein Gitl nuclear dot/SPB
gnrl SPAC343.04c WD repeat protein, human WDR26 family, ubiquitin ligase nuclear dot/SPB
complex subunit
gtil SPAC1751.01c gluconate transporter inducer Gtil nuclear dot/SPB



name uib function class

husl SPAC20G4.04c checkpoint clamp complex protein Hus1 nuclear dot/SPB
kapl SPBC28F2.10c SAGA complex subunit Ngg1 nuclear dot/SPB
klp5 SPBC2F12.13 kinesin-like protein Kip5 nuclear dot/SPB
klp8 SPAC144.14 kinesin-like protein Kip8 nuclear dot/SPB
kms1 SPAC3A11.05¢ meiotic spindle pole body protein Kmsl nuclear dot/SPB
Ikhl SPAC1D4.11c dual specificity protein kinase Lkh1 nuclear dot/SPB
mad1l SPBC3D6.04c mitotic spindle checkpoint protein Madl nuclear dot/SPB
map3 SPAC3F10.10c pheromone M-factor receptor Map3 nuclear dot/SPB
mcp6 SPBC582.06¢ horsetail movement protein Hrs1/Mcp6 nuclear dot/SPB
mde4 SPBC6B1.04 monopolin-like complex subunit Mde4 nuclear dot/SPB
meu26 SPAC6B12.16 conserved fungal protein nuclear dot/SPB
mik1 SPBC660.14 mitotic inhibitor kinase Mik1 nuclear dot/SPB
mlhl SPBC1703.04 MutL family protein Mih1 nuclear dot/SPB
msh3 SPAC8F11.03 MutS protein homolog 3 nuclear dot/SPB
mtol SPCC417.07¢ MT organizer Mtol nuclear dot/SPB
mto2 SPBC902.06 MT organizer Mto2 nuclear dot/SPB
mugl146 SPCC1235.12¢ meiotically upregulated gene Mug46 nuclear dot/SPB
nab2 SPAC14C4.06c poly(A) binding protein Nab2 (predicted) nuclear dot/SPB
not2 SPCC4G3.15¢ CCRA4-Not complex subunit Not2 nuclear dot/SPB
nse5 SPBC651.10 Smc5-6 complex non-SMC subunit Nse5 nuclear dot/SPB
nthl SPAC30D11.07 DNA endonuclease I11 nuclear dot/SPB
nup61 SPCC18B5.07¢c nucleoporin Nup61 nuclear dot/SPB
oca3 SPBC15C4.01¢c TPR repeat protein Oca3/ ER membrane protein complex nuclear dot/SPB

Ecm2 (predicted)

pab2 SPBC16E9.12c poly(A) binding protein Pab2 nuclear dot/SPB
parl SPCC188.02 protein phosphatase regulatory subunit Parl nuclear dot/SPB
pcal SPCC1840.04 metacaspase Pcal nuclear dot/SPB
phf2 SPAC30D11.08¢c PHD finger containing protein Phf2 nuclear dot/SPB
php5 SPBC3B8.02 CCAAT-binding factor complex subunit Php5 nuclear dot/SPB
plil SPAC1687.05 SUMO E3 ligase Plil nuclear dot/SPB
plol SPAC23C11.16 Polo kinase Plol nuclear dot/SPB
pmk1 SPBC119.08 MAP kinase Pmk1 nuclear dot/SPB
ppk15 SPAC823.03 serine/threonine protein kinase Ppk15 nuclear dot/SPB
ppk21 SPBC1778.10c serine/threonine protein kinase Ppk21 nuclear dot/SPB
ppk23 SPBC18H10.15 serine/threonine protein kinase Ppk23 nuclear dot/SPB
prrl SPAC8C9.14 transcription factor Prrl nuclear dot/SPB
pso2 SPAC22A12.01c DNA 5' exonuclease nuclear dot/SPB
rad16 SPCC970.01 DNA repair endonuclease XPF nuclear dot/SPB
rad26 SPAC9E9.08 ATRIP, ATR checkpoint kinase regulatory subunit Rad26 nuclear dot/SPB
rcdl SPAC29B12.06¢ RNA-binding protein, CCR4-NOT complex subunit Rcd1 nuclear dot/SPB
recl5 SPBC1711.14 meiotic recombination protein Rec15 nuclear dot/SPB
rec7 SPCC1753.03c meiotic recombination protein Rec7 nuclear dot/SPB
rec8 SPBC29A10.14 meiotic cohesin complex subunit Rec8 nuclear dot/SPB
res2 SPAC22F3.09¢c MBEF transcription factor complex subunit Res2 nuclear dot/SPB
rhp7 SPCC330.02 Rad7 homolog Rhp7 nuclear dot/SPB
rrp4 SPAC2F7.14c exosome subunit Rrp4 nuclear dot/SPB
rscl SPBC4B4.03 RSC complex subunit Rscl nuclear dot/SPB
rspl SPBC11B10.05¢ random septum position protein Rspl nuclear dot/SPB
rtil SPBC119.14 Rad22 homolog Rtil nuclear dot/SPB
set9 SPCC4B3.12 histone lysine methyltransferase Set9 nuclear dot/SPB



name uib function class
sfil SPBC8D2.05¢ spindle pole body protein Sfil nuclear dot/SPB
sgo2 SPAC15A10.15 shugoshin Sgo2 nuclear dot/SPB
shfl SPAC22F8.12¢ small histone ubiquitination factor Shfl nuclear dot/SPB
snt2 SPAC3H1.12¢ Lid2 complex subunit Snt2 nuclear dot/SPB
soll SPBC30B4.04c SWI/SNF complex subunit Soll nuclear dot/SPB
spc34 SPAC8C9.17¢c DASH complex subunit Spc34 nuclear dot/SPB
spdl SPAC29B12.03 ribonucleotide reductase nuclear dot/SPB
spkl SPAC31G5.09¢c MAP kinase Spkl nuclear dot/SPB
spol5 SPAC1F3.06¢c sporulation protein Spol5 nuclear dot/SPB
srs2 SPAC4H3.05 ATP-dependent DNA helicase, UvrD subfamily nuclear dot/SPB
ssh2 SPCC1753.01c single-stranded DNA binding protein Ssh2 nuclear dot/SPB
ste7 SPAC23E2.03c meiotic suppressor protein Ste7 nuclear dot/SPB
swil SPBC216.06¢ replication fork protection complex subunit Swil nuclear dot/SPB
vps71 SPBC29A3.05 Swrl complex subunit Vps71 nuclear dot/SPB
weel SPCC18B5.03 M phase inhibitor protein kinase Weel nuclear dot/SPB
xIfl SPCC24B10.14c xrccd like factor, cernunnon nuclear dot/SPB
SPAC2F7.07c SPAC2F7.07¢c Clr6 histone deacetylase associated PHD protein-2 Cph2 nuclear dot/SPB
chpl SPAC18G6.02c chromodomain protein Chpl nuclear dot/SPB,
known silencing factor
chp2 SPBC16C6.10 chromodomain protein 2 nuclear dot/SPB,
known silencing factor
clrl SPBC2D10.17 cryptic loci regulator Cirl nuclear dot/SPB,
known silencing factor
clr4 SPBC428.08c histone H3 methyltransferase Clr4 nuclear dot/SPB,
known silencing factor
rikl SPCC11E10.08 silencing protein Rik1 nuclear dot/SPB,
known silencing factor
Swib SPAC664.01c chromodomain protein Swi6 nuclear dot/SPB,
known silencing factor
tafl SPAC7DA4.04 Taz1 interacting factor 1, autophagy protein nuclear dot/SPB,
known silencing factor
tas3 SPBC83.03¢c RITS complex subunit 3 nuclear dot/SPB,
known silencing factor
cphl SPAC16C9.05 CIr6 histone deacetylase associated PHD protein-1 Cphl histone modifier
cti6 SPBC1685.08 histone deacetylase complex subunit Cti6 histone modifier
lafl SPAC14C4.12c clr6 L associated factor 1 Lafl histone modifier
laf2 SPCC1682.13 ClIr6 associated factor 2, Laf2 histone modifier
mscl SPAC343.11c multi-copy suppressor of Chk1 histone modifier
ntol SPBC17D11.04c histone acetyltransferase complex subunit Ntol histone modifier
png2 SPBC1709.11c ING family homolog Png2 histone modifier
set3 SPAC22E12.11¢c histone lysine methyltransferase Set3 histone modifier
spfl SPCC594.05¢ Set1C PHD Finger protein Spfl histone modifier
hrpl SPAC1783.05 ATP-dependent DNA helicase Hrpl helicase
hrp3 SPAC3G6.01 ATP-dependent DNA helicase Hrp3 helicase
mlo2 SPBC4.05 zinc finger protein Mlo2 misc chrom./nucl.
pdp2 SPBC215.07¢c PWWP domain protein misc chrom./nucl.
php2 SPBC725.11c CCAAT-binding factor complex subunit Php2 misc chrom./nucl.
php3 SPAC23C11.08 CCAAT-binding factor complex subunit Php3 misc chrom./nucl.
SPCC645.13 SPCC645.13 transcription elongation regulator misc chrom./nucl.
clpl SPAC1782.09¢ Cdcl4-related protein phosphatase Clpl/Flpl misc chrom./nucl.
pinl SPCC16C4.03 peptidyl-prolyl cis-trans isomerase Pinl misc chrom./nucl.
elfl SPAC3C7.08¢c AAA family ATPase ELf1 misc chrom./nucl.
ddbl SPAC17H9.10c damaged DNA binding protein Ddb1 ubiquitin pathway



name uib function class
pub2 SPAC1805.15¢ HECT-type ubiquitin-protein ligase Pub2 ubiquitin pathway
pub3 SPBC16E9.11c HECT-type ubiquitin-protein ligase Pub3 ubiquitin pathway
SPCC126.07c SPCC126.07c human CTD-binding SR-like protein rA9 homolog ubiquitin pathway
mtr4 SPAC6F12.16¢ ATP-dependent RNA helicase, TRAMP complex subunit known silencing
Mtr4 factor
clr3 SPBC800.03 histone deacetylase known silencing
factor
agol SPCC736.11 argonaute known silencing
factor
clr2 SPAC1B3.17 chromatin silencing protein Clr2 known silencing
factor
derl SPCC188.13c dicer known silencing
factor
rdpl SPAC6F12.09 RNA-directed RNA polymerase Rdpl known silencing

factor



Table S2. S. pombe Strains Used in This Study, Related to Figure 1

Strain Genotype Source
FY1193 P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol)::urad+ otrlR(Sphl)::ade6+ 3
PM0318 P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol)::urad+ otrlR(Sphl)::ade6+ ddbl::natMX 1
PM0534 P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol)::urad+ otrlR(Sphl)::ade6+ spdl::kanMX 1
PMO0536 P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol)::urad+ otrlR(Sphl)::ade6+ cdt2::kanMX 1
PM0580 P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol)::urad+ otrlR(Sphl)::ade6+ cdt2::kanMX spdl::hygMX 1
PM0810 P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol)::urad+ otrlR(Sphl)::ade6+ ddbl::natMX cdt2::kanMX 1
PMO0304 P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol)::urad+ otrlR(Sphl)::ade6+ rik1::natMX 1
SPY139  h90 mat3M::ura4+ leul-32 ade6-M210 ura4DS/E 4
PMO0544  h90 mat3M::ura4+ leul-32 ade6-M210 ura4DS/E spdl::kanMX 1
PM0322  h90 mat3M::urad+ leul-32 ade6-M210 ura4DS/E ddbl::natMX 1
PM0532  h90 mat3M::urad+ leul-32 ade6-M210 ura4DS/E cdt2::kanMX 1
PM0582  h90 mat3M::urad+ leul-32 ade6-M210 ura4DS/E cdt2::kanMX spdl1::hygMX 1
PMO0576  h90 mat3M::urad+ leul-32 ade6-M210 ura4DS/E ddbl::natMX spdl::kanMX 1
PM0812  h90 mat3M::urad+ leul-32 ade6-M210 ura4DS/E ddbl::natMX cdt2::kanMX 1
SPY137 P (h+) otrlR::urad+ oriA leul-32 ade6-MS210 ura4DS/E 4
PM0320 P (h+) otrlR::ura4+ oriA leul-32 ade6-MS210 ura4DS/E ddbl::natMX 1
PM0588 P (h+) otrlR::urad+ oriA leul-32 ade6-MS210 ura4DS/E spd1::kanMX 1
PMO0586 P (h+) otrlR::ura4+ oriA leul-32 ade6-MS210 ura4DS/E cdt2::kanMX 1
PMO0576 P (h+) otrlR::urad+ oriA leul-32 ade6-MS210 ura4DS/E ddbl::natMX spdl::kanMX 1
PMO0306 P (h+) otrlR::ura4+ oriA leul-32 ade6-MS210 ura4DS/E rik1::natMX 1
FY1862  h90 leul-32 his3D1 ade6-210 ura4-D18 otrl-R-Sphl::ade6+ his3-tel(1L)ura4-tel(2L) 2
PM0326  h90 leul-32 his3D1 ade6-210 ura4-D18 otrl-R-Sphl::ade6+ his3-tel(1L)urad-tel(2L)ddbl::natMX 1
PM0541  h90 leul-32 his3D1 ade6-210 ura4-D18 otrl-R-Sphl::ade6+ his3-tel(1L)urad-tel(2L)spd1::kanMX 1
PM0540  h90 leul-32 his3D1 ade6-210 ura4-D18 otrl-R-Sphl::ade6+ his3-tel(1L)urad-tel(2L)cdt2::kanMX 1
PM0542  h90 leul-32 his3D1 ade6-210 ura4-D18 otr1-R-Sphl::ade6+ his3-tel(1L)urad-tel(2L)spd1::kanMX 1
ddbl::natMX
PM0312  h90 leul-32 his3D1 ade6-210 ura4-D18 otr1-R-Sphl::ade6+ his3-tel(1L)urad-tel(2L)rik1::natMX 1
SP286 M (h-) smt0 ade6-M210 leul-32 ura4-D18 5
PM0731 M (h-) smt0 ade6-M210 leul-32 ura4-D18 spdl::hygMX ddbl::natMX 1
PMO0706 M (h-) smt0 ade6-M210 leul-32 ura4-D18 epel:CBP-FLAG:kanMX 1
PM0763 M (h-) smt0 ade6-M210 leul-32 ura4-D18 epel:CBP-FLAG:kanMX spdl::hygMX ddbl::natMX 1
PM1154 M (h-) smt0 ade6-M210 leul-32 ura4-D18 epel:CBP-FLAG:kanMX spdl::hygMX cdt2::natMX 1
PM1210 M (h-) smt0 ade6-M210 leul-32 ura4-D18 cdt2::HygB-13Myc-cdt2 1
PM1214 M (h-) smt0 ade6-M210 leul-32 ura4-D18 epel:CBP-FLAG:kanMX cdt2::HygB-13Myc-cdt2 1
PM0888 M (h-) smt0 ade6-M210 leul-32 ura4-D18 pREP1-nmtlp-6His-Ubi-LEU2 1
PM0889 M (h-) smt0 ade6-M210 leul-32 ura4-D18 epel:CBP-FLAG:kanMX nmtlp-6His-Ubi-LEU2 1
PM0890 M (h-) smt0 ade6-M210 leul-32 ura4-D18 epel:CBP-FLAG:kanMX spdl::hygMX ddbl::natMX pREP1- 1
nmtlp-6His-Ubi-LEU2
PM1161 M (h-) smt0 ade6-M210 leul-32 ura4-D18 epel:CBP-FLAG:kanMX ckbl::leul+ 1
PM1183 M (h-) smt0 ade6-M210 leul-32 ura4-D18 epel:CBP-FLAG:kanMX ckbl::leul+ spdl::hygMX ddbl::natMX 1
PM0818 M (h-) smt0 ade6-M210 leul-32 ura4-D18 clr1:CBP-FLAG:kanMX ckbl::leul+ 1
PM0831 M (h-) smt0 ade6-M210 leul-32 ura4-D18 clrl:CBP-FLAG:kanMX ckbl::leul+ spdl::hygMX ddbl::natMX 1
PM1186 M (h-) smt0 ade6-M210 leul-32 ura4-D18 epel:CBP-FLAG:kanMX swi6::leul+ 1



Strain

Genotype

Source

PM1190
PMO0512
PMO0597

PM0622
PM0598
PM0585
PM0624
PM0963
PM0968
PM0335
PM0095
PMO0768
PM0509
PM0804
PM0686
PMO0505
PM0478
PM0681
PM0659
KO82D
KO142A
PMO0793
PMOQ770
PM0978
PMO0791
PMO0785
PMO0796
PM0807
PMO0783
PM0982
PMO0795
PM0809
PMOQ727
PM0513
PM0584

M (h-) smt0 ade6-M210 leul-32 ura4-D18 clrl:CBP-FLAG:kanMX swi6::leul+ spdl::hygMX ddbl::natMX
P (h+) leul-32 ade6-210 ura4-DS/E imrlL(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imrlL(Ncol):

epel::hygMX

P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol):

:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::

:urad+ otrlR(Sphl)::

h90 mat3M::urad+ leul-32 ade6-M210 ura4DS/E epel::hygMX

h90 mat3M::urad+ leul-32 ade6-M210 ura4DS/E ddbl::natMX spdl:

h90 mat3M::urad+ leul-32 ade6-M210 urad4DS/E epel::hygMX rik1::
M (h-) smt0 ade6-M210 leul-32 ura4-D18epel::kanMX
M (h-) smt0 ade6-M210 leul-32 ura4-D18epel::kanMX ddbl::natMX

P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imrlL(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imrlL(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imrlL(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imrlL(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imrlL(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imrlL(Ncol):
P (h+) leul-32 ade6-210 ura4-DS/E imrlL(Ncol):

:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::
:urad+ otrlR(Sphl)::

ade6+ epel::kanMX
ade6+ ddbl::natMX spdl::kanMX

ade6+ epel::kanMX rik1::natMX

:kanMX epel::hygMX

natMXx

spdl::hygMX

ade6+ clr4::kanMX
ade6+ spb215.06::kanMX
ade6+ mtol::kanMX
ade6+ pdp3::kanMX
ade6+ rfpl::kanMX
ade6+ plil::kanMX
ade6+ swil::kanMX
ade6+ weel::kanMX
ade6+ rscl::kanMX
ade6+ alp14::kanMX
ade6+ spc34::kanMX
ade6+ nse5::kanMX

h90 mat3M::urad+ leul-32 ade6-M210 ura4DS/E SPB215.06¢::kanMX
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h90 mat3M:
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:urad+ leul-32 ade6-M210 ura4DS/E plil::kanMX

:urad+ leul-32 ade6-M210 ura4DS/E swil::kanMX

:urad+ leul-32 ade6-M210 urad4DS/E weel::kanMX

:urad+ leul-32 ade6-M210 urad4DS/E rscl::kanMX

:urad+ leul-32 ade6-M210 ura4DS/E alpl4::kanMX

:urad+ leul-32 ade6-M210 urad4DS/E spc34::kanMX

:urad+ leul-32 ade6-M210 ura4DS/E nse5::kanMX

M (h-) smt0 ade6-M210 leul-32 ura4-D18epel:CBP-FLAG:kanMX spdl::hygMX

P (h+) leul-32 ade6-210 ura4-DS/E imr1L(Ncol)::urad+ otr1R(Sphl)::ade6+ epel::kanMX
P (h+) leul-32 ade6-210 ura4-DS/E imrlL(Ncol)::urad+ otrlR(Sphl)::ade6+ ddbl::natMX spdl::kanMX
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epel::hygMX

1 = This study; 2 = Nimmo et al. 1998; 3 = Ekwall et al. 1999; 4 = Karl Ekwall; 5 = Bioneer




Table S3. Plasmids Used for Yeast Two-Hybrid Analysis, Related to Figure 3

Bacterial host strain ~ Plasmid Insert Markers derived from
BHM1707 pHA-AD-Cdt2 Cdt2 ampR TRP1 pJS401
BHM1709 pHA-AD-Epel Epel ampR TRP1 pJS401
BHM1710 pHA-AD-Swi6 Swi6 ampR TRP1 pJS401
B3384 pB566 (FB1531) empty ampR TRP1 -
BHM1713 pLexA-Cdt2 Cdt2 ampR HIS3 pEG202
BHM1717 pLexA-Swi6 Swi6 ampR HIS3 pEG202




Table S4. Oligonucleotides Used in This Study, Related to Figure 1

Primer sets used for RT-gPCR and ChIP analysis

oligo name FOR oligo REYV oligo locus reference
P638/639 AACCCTCAGCTTTGGGTCTT TTTGCATACGATCGGCAATA actl* this study
P581/582 CAGCAATATCGTACTCCTGAA ATGCTGAGAAAGTCTTTGCTG urad” this study
cen-dh- TGAATCGTGTCACTCAACCC TGAATCGTGTCACTCAACCC cen-dh Buehler
mb263/mh264 etal,
2007
P059/060 TGCTCTGACTTGGCTTGTCTT CCCTAACTTGGAAAGGCACA cen-dg this study
mat- GGCAATACAACTTTGGCGATCAT  TGTTTAGCGCACTTTGATTTTCCAGTC mat3M Buehler
mb304/mb305  TTAC etal.,
2007
tihl- ATGGTCGTCGCTTCAGAAATTGC  CTCCTTGGAAGAATTGCAAGCCTC tth1*/thl2* Buehler
mb274/276 etal.,
2007
P1077/P1078 ATACTTTCGCCCTCAAGCAA AAGAAAACGTATGAAGCAGGCTA epel+ this study




Tiling primer sets for ChIP analysis

oligo name FOR oligo REV oligo Chr Chr pos. [Mb]
IRC-L4 tcgttagcatttggctttga tgccatatcgtctteegtet Chrl 3.7539
IRC-L2 aacccaagcagatagactgaaa taggaccgaactgccaaaac Chrl 3.7555
cen01 gcaaagatcgaacgagttgtc tgaaattccataaacgggcta Chrl 3.7741
cen06 ttaccaaatttgtcaaacgttaaat tgcgttttcttagtaaaaacctgat Chrl 3.7761
cenQ7 tgaggtttttcgttcttaggg ggcaatgtcacaaagtttcaa Chrl 3.7765
cen08 tggacaccactcttgccata ttgcgcatcaagtattttgc Chrl 3.7769
cenl0 ggcattttgtaagcggaaat tgcttgtttagtgtttgaacgaa Chrl 3.7777
cenl2 cagcttcttgtactcactcactca tcgttcttgcctagcgaaat Chrl 3.7785
cenl5 cccctgacggagaagtttta ggccagctacgctactcatc Chrl 3.7797
cenlé atcacgcttccttagcatgg tcattcgttgtaccaactgct Chrl 3.7801
cenl? acattgctccggtgattttc ggcgtgaatattgatgttttga Chrl 3.7805
cenl8 aaccaccaccatgctctttt tcgcaacgatttgaactgtc Chrl 3.7809
cenl9 tgcggtcatttaaaggcata ctgttgttgagtgctgtgga Chrl 3.7817
cen20 cccatgatgtcgttggttaaa catggagagcgtatgttgaaa Chrl 3.7821
cen2l atttcgctttggcaaaacat gtttcccgececagtagatg Chrl 3.7825
cen22 tggaacccctaacttggaaa tgctctgacttggcttgtctt Chrl 3.7829
cen24 agaaaatttcacaactccgttgat agagttgccgcaattgaaac Chrl 3.7838
cen25 acaacatgcaataccgattgt tcgttattgaaacacgaatagga Chrl 3.7841
cen26 gcaccgtttttccaaatgtc aaccattcgcatccattttt Chrl 3.7845
cen27 tcggaaaattcatccttcaaa tcagcaattgtttcagaaaatg Chrl 3.7849
cen28 tgaggttcatgatgggttca ttcggtctttgcaggactct Chrl 3.7853
cen29 cgaagtatgacccgaattgc ccacggaaaacaaattaccg Chrl 3.7858
cen30 cgaaaattgtgttgtgccagt cattcatcttgcgtgtctge Chrl 3.7861
cen31 atgctccgttgcttatcteg tcctcacattcgacatgactg Chrl 3.7866
cen33 tttgcattcttatcacttggatg tgtctacgtacgccagttge Chrl 3.7873
cen34 gtttgttttggggagacgaa cgatcaaatcggtcagtacg Chrl 3.7878
cen35 cctaccgaacgtatgattagca tgggatcgcaatttttgatt Chrl 3.7881
cen36 cgatcgatttctcttggttttc tcgcgaacatcagcattact Chrl 3.7885
cen37 Ccaaagcaaatagtctaatgatcaaa cacggcgataagaaatgga Chrl 3.7890
cen38 ccaccagaccattacaagca ctcgectatttaccgatcca Chrl 3.7894
cen39 cgttgaatgttgttgctttca aatgacaaaggtgccgaatc Chrl 3.7898
cen40 catctcgactcgcttgatga tgggcattcacgaaacatag Chrl 3.7901
cen4l gtcctgaatcttggcaaacag tacaaggactaagcccaagca Chrl 3.7909
cend2 gaaatgggcaacaagtcgat gttgcgcaaacgaagttatg Chrl 3.7913
cend3 tccacttggatgacagaatcc caacgcatctacctcagcag Chrl 3.7917
cen45 tcteggtttttcecttgaca ctcaatccgtggacgtatca Chrl 3.7925
IRC-L1/R1  tgctgaatgtaaccaacatca gcctcaattgcectattagtget Chrl 3.7929
IRC-R2 gcagtgtttaccaacaagcgta agagaatcgcaaacgcatct Chrl 3.7933
IRC-R3 tgtgtgtcaagcaagaaagc ttcatgtgcagaataagcagtg Chrl 3.7938
IRC-R4 attcgtgtccegtttcacc ggctctggatgagccaacta Chrl 3.7942
euchrom69 cgtctgatttgccacagaaa gacacattccatgctggttg Chr2 1.4723
euchrom70 tgcaccaacaatccacatct gcggaaaggccattaaaaat Chr2 1.4726
euchrom73 aaaagcgaccttcaagcaaa ttgcatcgtttgagacttcg Chr2 1.4738



oligoname  FOR oligo REV oligo Chr Chr pos. [Mb]
euchrom75 tcagatccgtggaatcctte cgcacttgagtagccacttg Chr2 1.4746
euchrom76 agatcaaaggccatgcattc gtgcctgaactcgtgacaga Chr2 1.4749
euchrom77 taatcgggctccatctccta tgaagccaaatggttgaatg Chr2 1.4753
euchrom78 gcaccacttccgcttctaac gagtccggcecgattattttt Chr2 1.4757
euchrom81 gagttgcgatacctccttcg ttatcccgagtggttcaage Chr2 1.4791
mat46 atttttgctgttgcccattt gggaaacaagcgatattttaacc Chr2 2.1307
mat47 atatcggtgtgcggcataa gtgggtacataaccccgaaa Chr2 2.1311
mat18 ttcaggctgtgggtaagaaga gccattcaccctaaacatcc Chr2 2.1317
matl17 aacgcactggctgtttctct agcatgtggaacaggagtca Chr2 2.1321
mat16 tgttggctgaaatttttaagatga tgtgaatttgagcaaaggcta Chr2 2.1325
mat15 tctcaaaagcggtgatttga agagctggccaccatcttat Chr2 2.1329
mat48 tgctggtatggacatagcaattta tctcgatgcectacatggttg Chr2 2.1336
mat49 aagtttcaccaaggcaaacaa tttttgctgagtttaggttgga Chr2 2.1340
mat51 cgccttcccaatttactgaa gcttcagccaaatgctcaat Chr2 2.1352
mat53 cgttggcttttgttgcacta ttggcccattaaaactgatg Chr2 2.1356
mat54 cgatatttccgaataccacga aacgtgaaatcaaccacaagg Chr2 2.1361
matb5 cccgcagceaataaacaagat acgcagggaagacagtcaag Chr2 2.1365
mat56 aaggtaacacggatggtaggg tctggatttggaggaaaagc Chr2 2.1367
mat57 ttctggacatctgtcgatcat attgtcgtttccctttcgtg Chr2 2.1373
mat59 tcgagtttcgaaagtttttcc tcatccaacgataaccaatca Chr2 2.1380
mat61 gaactgtgacgcgttttgaa cctccatgtgattcaaccaa Chr2 2.1388
mat62 cgatgcttaggcggtgtaat cacgttggcgaaactgaag Chr2 2.1391
mat63 ccattgaggaatctgtgcaa cgaactttgtcaaaccacga Chr2 2.1395
mat65 aaagacaacccaatcgtaagc ttgtggtggtgtggtaatacg Chr2 2.1405
REII-1 actttgaggctcatttattgtaac ctccactcgataatgattttg Chr2 2.1449
mat3 gacgggcaaaatcattatcg gaattgatgacgtatgtggaaga Chr2 2.1451
mat4 ttggcttggaaaagaacagg tggoatttgcgatagtggtt Chr2 2.1456
REIII-5 ataaagtgaagagaaccctacaa atattgtgtgtgaagactggata Chr2 2.1459
mat6 attacatccgtctcgccaaa tgtttgagaacgcagatttga Chr2 2.1463
matll tgtatagtctttctcctttgttttctc atgttggcaaaacgattgct Chr2 2.1481
mat12 ccggatagacattttgatgga tgacatgaaagccacagtgc Chr2 2.1486
matl4 catttagaaacttcggcagga tgttgatgcggtattttgga Chr2 2.1494
mat19 tcgtttagtcgcaatctacacttt gaaccgcgacgatcatttat Chr2 2.1514
mat21 tccataaggcattaaagtccaaa ggcagttaatccctttaagtaaaca Chr2 2.1521
mat22 tgctgctgaaattgcegttag ccgtttcaggttcggagata Chr2 2.1526
mat23 tgcaacaattttactccagtcttc ttgattcaggcagcaagcta Chr2 2.1529
mat24 gcatgatgctttcaaacaagg ttgtgtcgcaacacctgatt Chr2 2.1533
tel83 ctgaggaacgatgttcagttg tgcaacagttggttctgaca Chr2 45151
tel85 gatcgaacacacacacatcg atcgcttagcaagggatttg Chr2 45181
tel86 catacggcaggctctttctc ggcttttggctgtcacattt Chr2 45201
tel88 tcaaaaatggcttttgtcca cgcccttcatgttacgaagt Chr2 4.5240
tel90 gcaacagccagtcattcattt tcacccatgttgaatcgaga Chr2 4.5261
tel92 ctgcaaggactaagcccaag agtcctgaactttggcaaaca Chr2 4.5290
tel95 tcgtggtcataaacgcacat atactcggcgaaatgaatgg Chr2 4.5320
tel96 ttcgaaaatcaaaagtattcaaaa acgtgtggtgcaattgtgtt Chr2 45331
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