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Ubiquitin ligase component Culd associates with Clr4
histone methyltransferase to assemble heterochromatin

Songtao Jia', Ryuji Kobayashi’ and Shiv I. S. Grewal"’

In eukaryotes, heterochromatin mediates diverse processes
including gene silencing and regulation of long-range
chromatin interactions!2. The formation of heterochromatin
involves a conserved array of histone modifications; in
particular, methylation of histone H3 at Lys 9 (H3K9me) is
essential for recruiting HP1/Swi6 proteins?. In fission yeast, the
CIr4 methyltransferase is responsible for H3K9me across all
heterochromatic domains*®. However, the mechanism of Cir4
recruitment to these loci is poorly understood. We show that
ClIr4 associates with Cul4, a cullin family protein that serves as
a scaffold for assembling ubiquitin ligases. Mutations in Cul4
result in defective localization of Cir4 and loss of silencing

at heterochromatic loci. This is accompanied by a severe
reduction in H3K9me and Swi6 levels, and accumulation of
transcripts corresponding to naturally silenced repeat elements
within heterochromatic domains. Moreover, heterochromatin
defects in Cul4 mutants could not be rescued by expression of
Cul4 protein lacking Nedd8 modification, which is essential
for its ubiquitin ligase activity. Rik1, a protein related to DNA
damage binding protein DDB1 and required for H3K9me*¢,
also interacts with Cul4, the association of which might serve
to target Cir4 to heterochromatic loci. These analyses uncover
a role for Cul4-based protein ubiquitination in regulating
H3K9me and heterochromatin formation.

Large regions of higher eukaryotic genomes are composed of repeti-
tive DNA elements, which are preferential targets for heterochroma-
tin assembly’. The genome of the fission yeast Schizosaccharomyces
pombe contains sizeable blocks of heterochromatin associated with
inverted arrays of dg and dh pericentromeric repeats, subtelomeric
regions, ribosomal DNA (rDNA) and a 20-kilobase (kb) domain at
the mating-type locus encompassing the mat2 and mat3 silent mat-
ing-type loci®. The assembly of heterochromatin is believed to globally
inhibit transcription and recombination throughout these chromo-
somal domains, and the ability of heterochromatin to prohibit illegiti-
mate recombination is thought to be critical for maintaining genomic

integrity'. Heterochromatin is also implicated in recruiting the cohesion
protein complex that is essential for sister chromatid cohesion in order
to ensure proper segregation of chromosomes”®.

Heterochromatin can be nucleated directly by specific cis-acting DNA
sequences, which are recognized by DNA-binding proteins capable of
recruiting general silencing factors®'°. Additionally, the RNA interfer-
ence (RNAi) machinery is believed to be critical for recognizing specific
classes of repetitive DNA elements embedded within genomes, making
them preferred targets for heterochromatin assembly''~"*. Transcripts that
originated from repetitive elements are processed by the RNAi machin-
ery into small interfering RNAs (siRNAs), which are believed to provide
specificity for targeting heterochromatin to cognate sequences.

Post-translational modifications of histones have crucial roles in the
assembly of heterochromatin®. Genetic and biochemical analyses have
implicated deacetylase and methyltransferase activities in establishing
a specific histone modification pattern, which specifies the recruit-
ment of downstream factors essential for heterochromatin assembly”.
Specifically, H3K9me provides binding sites not only for the localiza-
tion of Swi6/HP1 but also the RITS RNAI effector complex to hetero-
chromaticloci'>™. Although multiple enzymes methylate H3 at Lys 9 in
mammals, Clr4 is probably the sole enzyme responsible for H3K9me in
S. pombe*. In the absence of Clr4, H3K9me is abolished across the entire
chromatin landscape, which correlates with loss of heterochromatin and
delocalization of RNAI factors from chromatin®. Whereas the role of
Clr4-mediated H3K9me in heterochromatin formation is well-studied,
it remains unclear how Clr4 is recruited to the target loci.

To gain insights into the mechanism of Clr4 recruitment, we per-
formed affinity purification of the Clr4 complex. For this purpose, a
strain expressing the Clr4 protein fused with three Flag epitopes at the
amino terminus (Flag-Clr4) was constructed. The tagged clr4* is under
the control of its natural promoter so as to achieve wild-type levels of
expression, and cells expressing Flag-Clr4 did not show any obvious
defect in silencing at centromeres (Fig. 1a). Immuno-affinity purifica-
tion with Flag antibody revealed protein bands that were specific to the
Flag-Clr4-purified fraction but were absent in the untagged control
fraction (Fig. 1b). Mass spectrometry of the excised bands identified the

!Laboratory of Molecular Cell Biology, National Cancer Institute, National Institutes of Health, Bethesda, MD 20892, USA. 2Department of Molecular Pathology,

University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA.
3Correspondence should be addressed to S.1.S.G. (e-mail: grewals@mail.nih.gov)

Received 3 July 2005; accepted 10 August 2005; published online: 28 August 2005; DOI: 10.1038/ncb1300

NATURE CELL BIOLOGY VOLUME 7 | NUMBER 10 | OCTOBER 2005

1007

©2005 Nature Publishing Group



LETTERS

> >
a b /O\k c /O\g
$ S
otr1::ura4* — FOA R <<\® & Q\q,
e e « M,(K) M,(K)
= 250 250
Ir4A )
A 0:4 2.8 & 4 150 Fit 150 p
ag-clrd*
1004 «cus 7 Input  Anti-Flag IP
phed 75— B -
75— | <€Cira - Flag-Clr4 + +
a H Myc-Culd + + + +
so—i L 50 - — | Anti -Myc
. 37 —
37
el & N
CBB stain Anti—FIag
N
NS
e f /\ g
S F _
otri::urad+ - FOA + FOA MK) Input  Anti-Flag IP
' Flag-Rik1 - + - +
250 — Myc-Cul4 + + + +
150 —| I” | p— _
y e— s we | Anti-Myc
100 | | |<cus4
75— [
50 —| l~ | H
37 — e e
e Ll

CBB stain

Figure 1 Cul4 associates with Clr4 and Rik1. (a, e) The Flag-CIr4 and
Flag-Rik1 fusion proteins are fully functional. Serial dilution plating assays
were performed to measure the expression of otrl::ura4+. wt, wild type.
FOA, 5-fluoroorotic acid. (b, f) Purification of Flag-Clr4 or Flag-Rik1.
Extracts prepared from the indicated strains were used to perform affinity
purification with anti-Flag agarose resin, resolved by SDS-PAGE and stained
with Coomassie blue (CBB). The identity of protein bands, as determined

band with a relative molecular mass of 65,000 (Mr 65K) to be Clr4, which
was also confirmed independently by western blot analysis (Fig. 1c).
The band with M 90K was identified as Cul4 (see Supplementary
Information, Fig. Sla), a member of the cullin family of proteins that are
components of E3 ubiquitin ligases involved in protein ubiquitination®.
We also observed a band corresponding to Cul4 in the tandem affinity-
purified (TAP) fraction using extracts prepared from a strain expressing
TAP-Clr4 (see Supplementary Information, Fig. S2). Mass spectrometry
analysis of purified protein mixtures associated with Flag-Clr4 also iden-
tified Cul4 as a Clr4-interacting factor (see Supplementary Information,
Fig. S1c). In addition, we identified several peptides corresponding to
Rik1 protein, which is known to interact with Clr4 and is required for
heterochromatin assembly*®. Similarly, mass spectrometry of Flag-Rik1
affinity-purified proteins also identified Cul4 as a Rik1-interacting pro-
tein (Fig. 1f and see Supplementary Information, S1b). Taken together,
these results suggested that Rik1, Cul4 and Clr4 form a complex.

To confirm the interaction between Clr4, Rik1 and Cul4, we expressed
fully functional Myc-Cul4 from a plasmid under the control of the
medium-strength nmtI promoter. When protein extracts prepared from
cells expressing Myc—Cul4 in the presence of Flag-Clr4 or Flag-Rik1 were
used to perform immunoprecipitation analysis with anti-Flag antibody,

by mass spectrometry, is indicated on the right. (c) Expression of Flag-Clr4.
A portion of the samples, as in b, was subject to western blot analysis with
Flag antibody. (d, g) CIr4 and Rik1 associate with Cul4 in vivo. Extracts
prepared from the indicated strains were incubated with Flag antibody.

The immunoprecipitated fractions were analysed by western blotting with
Myc antibody. Two bands of Myc—Cul4 were observed, and the upper band
represents the Nedd8-modified form of Cul4.

Myc-Cul4 co-immunoprecipitated with both Clr4 and Rik1 (Fig. 1d, g).
These results confirmed that Clr4, Rik1 and Cul4 indeed form a complex
in vivo and that these factors might be components of a larger ubiquitin
ligase complex required for heterochromatin formation. Interestingly,
Rik1 is structurally related to the DDBI family of proteins, which have
been reported to associate with cullin 4 and are believed to serve as recep-
tor/adaptor to recruit ligase activity to the target proteins®'>'"'%. S. pombe
contains a second Rikl orthologue called Ddb1 that has been shown to
function coordinately with Cul4 to regulate genome stability and cell-
cycle progression'*?. However, Ddbl is not required for heterochromatic
silencing (O. Nielsen, personal communication). Moreover, we did not
find peptides corresponding to Ddb1 in our affinity-purified fractions
of Clr4 and Rik1, suggesting that Rik1, but not Ddb1, might coordinate
with Cul4 to recruit Clr4 to heterochromatic loci.

The interaction of Cul4 with Clr4 and Rik1 suggests that Cul4 may be
involved in heterochromatin formation. Indeed, we found that deletion
of cul4 causes loss of silencing of a ura4* marker gene inserted at the cen-
tromeric repeats (otrl::ura4*) (see Supplementary Information, Fig. S3).
However, cul4A cells were extremely slow-growing and showed severe
defects in cell-cycle progression (data not shown). To separate the func-
tion of Cul4 in cell-cycle regulation from heterochromatin formation, we
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Figure 2 Cul4 is required for heterochromatin formation. (a) cu/4-1 affects
silencing at all heterochromatin loci. Shown is a schematic diagram of a
chromosome (top). Grey boxes represent heterochromatin at the centromeres,
silent mating-type locus (mat) and telomeres (TEL). The positions of ura4*
reporter genes are indicated. Serial dilution plating assays were performed

to measure the expression of ura4* reporter genes (bottom panels). N/S,
nonselective medium. (b) cul/4-1 affects H3K9me and Swi6 levels at all
heterochromatic loci. Levels of dimethylated H3K9 (H3K9me2) and Swi6

at the indicated locations were determined by ChIP assay. Relative fold

isolated three mutant alleles of cul4 that did not affect its growth-related
function but caused severe defects in heterochromatic silencing (see
Supplementary Information, Fig. $3). The cul4-1 mutant showed the
strongest silencing defect and was used for all subsequent analysis. The
silencing phenotype observed in the cul4-1 mutant background could
be rescued by a plasmid expressing the cul4* gene, demonstrating that
the silencing defect was specific to the loss of Cul4 function in hetero-
chromatin formation (Fig. 4a).

We next explored whether Cul4 also affects silencing at other het-
erochromatic loci including the mating-type locus and telomeres, as
well as investigating the role of Cul4 in Clr4-mediated H3K9me, and
recruitment of Swi6 at heterochromatic loci. Mutation in cul4 abol-
ished silencing of the ura4* reporter gene inserted either within a cen-
tromere-homologous (cenH) repeat at the silent mating-type region
(Kint2::ura4*) or adjacent to the telomeres (TEL::ura4") (Fig. 2a). More
importantly, chromatin immunoprecipitation (ChIP) analysis showed
that the levels of H3K9me and Swi6 were severely reduced at the

RT -RT

enrichment values, calculated as described in the Methods section, are

shown below each lane. WCE, whole-cell extract. (c) cul4-1 results in the
accumulation of transcripts derived from heterochromatin-associated repeats.
RT-PCR was performed with total RNA isolated from indicated strains to
measure the amount of transcripts derived from repetitive sequences. Primers
used were centromeric dh repeats (dh464), the cenH element at the silent
mating-type region, and the telomere-associated SPAC212.11 locus (212.11).
act] was used as a positive control. otrl::ura4* expression was also analysed
and compared with euchromatic ura4DS/E. —RT, no reverse transcription.

heterochromatic regions (Fig. 2b). The residual enrichment of H3K9me
and Swi6 observed at centromeres presumably reflects low levels of Cul4
activity remaining in mutant cells (see below).

We previously showed that components of RNAi and heterochromatin
machineries form a positive feedback loop, which is essential for main-
tenance of heterochromatic silencing and for the processing of aberrant
transcripts produced by repetitive DNA elements'**'. Loss of H3K9me
results in the delocalization of RNAI factors from heterochromatic loci,
which correlates with accumulation of transcripts produced by the repet-
itive elements within these domains. Reverse transcriptase-polymerase
chain reaction (RT-PCR) analyses of total RNA extracted from cul4-
I cells showed that transcripts originating from the heterochromatic
repeat elements accumulated to levels comparable to those of the clr4A
strain (Fig. 2¢), indicating defects in the heterochromatin assembly and
RNAIi pathways. These results suggested that Cul4 interaction with Clr4
is functionally important for the assembly of heterochromatin and the
silencing of repeat elements at all major heterochromatic domains.
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Figure 3 Mutation in Cul4 affects chromosome segregation and mating-
type switching. (a) cul4-1 affects mitotic chromosome segregation.
Chromosome segregation in late anaphase cells was analysed by 4,6-
diamidino-2-phenylindole (DAPI) staining and immunofluorescence with
the anti-tubulin TAT1 antibody. The percentage of cells with lagging
chromosomes was determined by microscopic examination of more than
100 cells with fully elongated mitotic spindles. Scale bars, 2 um.

(b) cul4-1 cells showed an increased rate of mini-chromosome loss as
compared with wild-type cells. (c) cul4-1 affects mating-type switching.
Top: schematic diagram indicating the mating-type switching pattern in
wild-type and cu/4-1 mutant cells (not drawn to scale). Whereas both
donors are used equally in wild-type cells (solid arrows), cul4-1 cells are
defective in utilization of mat2P (dotted arrow), owing to heterochromatin
assembly defects. Bottom left: iodine staining phenotypes. Colonies were
replicated onto sporulation medium and allowed to grow at 25 °C for 3
days before staining with iodine vapours. Bottom right: PCR-based assay
was used to determine the mat1 genetic content, indicating the utilization
of mat2P or mat3M as donors during mating-type switching.
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Figure 4 The ubiquitin ligase activity of Cul4 is required for heterochromatin
formation. (a) The Cul4X68R mutant protein that is defective in neddylation
loses the ability to complement the silencing defect of cul4-1 cells.
Wild-type or cul4-1 cells were transformed with a LEUZ-based plasmid
expressing either Myc—Cul4 or Myc—Cul4¥%8°R under the control of a medium-
strength nmt1 promoter. Cells were grown on EMM-Leu medium to induce
Cul4 expression before a serial dilution plating assay was performed to
measure the expression of otrl::ura4+. Colonies formed by cul4-1 cells
expressing the Cul4X5er allele were photographed separately due to their
slow growth phenotype. (b) Neddylation of Cul4 is essential for H3K9me and
Swib localization at centromeres. ChIP assays were performed to measure
the levels of dimethylated H3K9 (H3K9me2), Swi6 and dimethylated H3K4
(H3K4me2) at centromeres. The expression of wild-type or Cul4X®8%% proteins
was confirmed by western blot analyses. Arrow indicates the Nedd8-modified
form of Cul4, which is absent in strains expressing Cul4¥%°®, Relative fold
enrichment values are shown below each lane.

The assembly of heterochromatic structures at centromeres is cru-
cial for faithful segregation of chromosomes during mitosis”®. Because
Cul4 is required for heterochromatin assembly, we investigated its role
in proper segregation of chromosomes. Our analyses revealed that cul4-1
cells had a significantly higher percentage of cells with lagging chromo-
somes during late anaphase than wild-type cells (Fig. 3a). Moreover, the
fidelity of segregation of a mini-chromosome Ch16, a 530-kb derivative
of chromosome III*, was severely affected in cul4 mutant cells (Fig. 3b).
Heterochromatin also regulates mating-type switching in S. pombe by
promoting long-range chromatin interactions that are essential for non-
random choice of mat2 or mat3loci during mat1 switching?. This direc-
tionality of the switching process is lost in cIr4 or swi6 mutants, resulting
in poor iodine staining of colonies composed mainly of mat1M cells
(owing to predominant utilization of mat3M as a donor), in contrast to
the dark staining of wild-type colonies with equal numbers of mat1P
and mat1M cells*****, We found that cul4-1 mutant cells are defective
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in directionality of switching, as indicated by light iodine staining of
colonies and the predominant utilization of mat3M as a donor (Fig. 3c),
as was also observed in clr4 mutant background cells*. Collectively, these
results demonstrate that Cul4 is required for biological functioning of
heterochromatin in S. pombe.

Cullins are modified by the ubiquitin-like protein Nedd8, which is
required for their ubiquitin ligase activity”. Cullin mutants that are
defective in neddylation show severe growth defects and an elongated
cell phenotype®. To determine whether the ubiquitin ligase activity of
Cul4 might be required for H3K9me and heterochromatin formation,
we created a mutant Cul4 allele in which Lys 680, the site of Nedd8
conjugation, is mutated to arginine (Cul4***®). Western blot analysis of
extracts prepared from cells expressing mutant Cul4 revealed that the
K680R mutation specifically abolished a slower migrating band cor-
responding to the Nedd8-modified form of Cul4 (Fig. 4b)*. We next
examined whether expression of the wild-type or Cul4***** alleles can
rescue the silencing and heterochromatin assembly defects observed
in the cul4-1 mutant. Whereas the expression of wild-type Cul4 could
complement the silencing defect of the cul4-1 mutant, the expression
of Cul4*** failed to restore silencing at centromeres (Fig. 4a). More
notably, ChIP analyses revealed that the expression of wild-type Cul4,
but not the Cul4X®*® mutant, restored H3K9me and Swi6 localization
at centromeres, concomitant with a reduction in H3K4me (Fig. 4b).
Interestingly, we found that expression of the Cul4**** mutant protein
resulted in a further reduction in the residual H3K9me and Swi6 levels
found at the centromeres in cul4-1 mutant background cells, whereas
no such change was observed in wild-type background cells, suggest-
ing that Cul4***® might interfere with or negate the effect of residual
Cul4 activity remaining in cul4-1 cells. More importantly, the failure of
neddylation-defective Cul4 to support H3K9me and Swi6 localization
at centromeres suggests that the ubiquitin ligase activity of Cul4 might
be required for the assembly of heterochromatic structures. While this
work was under review, another independent study reported the iden-
tification of Cul4 as a Rik1-interacting protein and demonstrated that
Rik1-containing complexes possess ubiquitin ligase activity in vitro”.
The authors concluded that expression of the Cul4***® allele has no
effect on H3K9me at centromeres. However, these analyses relied on
overexpression of the Cul4**® allele to create a dominant-negative effect
in otherwise wild-type background cells, rather than assessing the ability
of the K680R allele to restore heterochromatin in the cu/4 mutant that
is specifically defective in silencing. Thus it is possible that the activity
associated with wild-type Cul4 present in cells prevented the detection
of H3K9me defects associated with the neddylation-defective Cul4.

We also addressed whether Cul4 is required for the localization of
Clr4 and Rik1 to heterochromatic regions. ChIP analysis showed that
whereas Clr4 was enriched at all major heterochromatic regions in wild-
type cells, its levels at these loci were significantly reduced in cul4-1
cells (Fig. 5a), even though the protein levels of Clr4 and Swi6 remained
unchanged in the cul4 mutant background (Fig. 5¢). This result suggests
that the targeting of Clr4 to heterochromatic loci is dependent on Cul4,
which may function at a step prior to Clr4 localization. Consistent with
this notion, overexpression of Clr4 could not rescue the loss of silencing
in the cul4-1 mutant (Fig. 5b). ChIP analysis of a functional Rik1-Myc
strain showed that Rik1 also localized to all heterochromatic loci, in a
manner similar to Clr4 (Fig. 5d and see Supplementary Information,
Fig. S4). However, in contrast to the severe defects of Clr4 localization,
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Figure 5 Cul4 recruits Clr4 to heterochromatic loci. (a) Clr4 is delocalized from
all heterochromatic loci in the cu/4-1 mutant. Flag—Clr4 relative enrichment
at the indicated locations was determined by ChIP assay. (b) Overexpression of
Clr4 could not rescue the silencing defect of cul4-1. A serial dilution plating
assay was performed to measure the expression of otrl::ura4*. (c) cul4-1 does
not affect Clr4 or Swi6 protein levels. A western blot of whole-cell extract
prepared from indicated strains was performed with antibodies against Flag,
Swib or tubulin. Both strains expressed Flag-Clr4. (d) Rik1 localization to
heterochromatin is not affected in cu/4-1 mutant cells. Levels of Rik1-Myc

at the otrl::ura4+ were determined by ChIP with Myc antibody. Relative fold
enrichment values are shown below each lane.

the cul4-1 allele had no significant effect on the localization of Rikl at
centromeric repeats (Fig. 5d). Taken together, these analyses support a
model in which Rik1 targets Cul4-dependent ubiquitination machinery
and Clr4 methyltransferase to heterochromatic loci, and that these fac-
tors act together to promote H3K9me, which is essential for heterochro-
matin formation. It is possible that the Rikl protein, which possesses
the WD B-propeller domain found in chromatin assembly and RNA
processing factors'”?**, might be involved in RNAi-dependent targeting
of Clr4 to heterochromatic loci, as also proposed earlier®. Rikl along
with its associated factors might serve as an adaptor connecting Clr4 to
siRNA-bound factors such as the RITS complex, which is involved in
RNAi-mediated heterochromatin assembly. However, another possibil-
ity is that the Rik1-Cul4-Clr4 complex is directly recruited to sites of
transcription at repeat loci in an RNAi-dependent manner.
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Accumulating evidence suggests a broader role for protein ubiqui-
tination machinery in epigenetic regulation of chromatin structure.
Silencing of the Hox gene cluster in mammalian cells is associated with
the ubiquitination of H2A at Lys 119 by the PRC1 complex®. Moreover,
there seems to be crosstalk between ubiquitination and methylation of
histones. In particular, ubiquitination of histone H2BK123 by the Rad6-
Brel complex is required for H3K4me*>** and H3K79me***, markers
commonly associated with euchromatin. Our analysis suggests that cells
carrying a mutation corresponding to H2BK123 (K120 in S. pombe)
are not defective in H3K9me and Swi6 localization at centromeres,
suggesting that ubiquitination of H2BK123 might not be the target of
the Cul4 ligase complex (M. Zofall and S.I.S.G., unpublished observa-
tions). However, it is possible that ubiquitination of additional sites on
histones and/or non-histone proteins is important for the methylation
of H3K9 by Clr4, and the assembly of heterochromatin. Alternatively,
ubiquitination of silencing factor(s) could prime its heterochromatin
formation activity.

Cul4 is a highly conserved protein that performs a variety of functions in
several different organisms including S. pombe, Caenorhabditis elegans and
mammals'®. However, Cul4 is absent in the budding yeast Saccharomyces
cerevisiae, which also lacks Clr4, Swi6 and RNAi machinery. This sug-
gests that Cul4-dependent protein ubiquitination and the H3K9me-related
process probably evolved together to regulate heterochromatin assembly,
which might be a conserved mechanism in higher eukaryotes.

METHODS

Fission yeast strains and plasmids. Flag-clr4 and Flag-rik1 strains were gen-
erated by inserting the ura4* reporter gene at the promoter region of the cor-
responding gene, and then replacing ura4* with the 3 x Flag-tagged sequence.
cul4-1, cul4-2, cul4-3 and rik1-Myc strains were constructed using a PCR-based
module method. cul4-1 contains a green fluorescent protein (GFP) moiety at the
carboxyl terminus, and cul4-2 and cul4-3 contain frame-shift mutations at the C
terminus of the protein, which results in the replacement of the last 5 or 8 amino
acids by 11 random amino acids, respectively. Genetic crosses were used to con-
struct all other strains. Yeast strains were grown under standard conditions. For
serial dilution plating assays, tenfold dilutions of a log phase culture were plated
on indicated medium and grown for 3 days at 33 °C. For dilution analysis involv-
ing TEL::ura4", all strains were grown on medium without adenine to select
for the non-essential Ch16 mini-chromosome, which harbours the TEL::ura4*
reporter gene. pREP41-Myc-cul4* was generated by inserting a PCR fragment
encoding the full-length cul4" gene between the Sall and Smal sites of pREP-41-
MHN. The K680R mutation was generated with the QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer’s pro-
tocol. Yeast cells harbouring these plasmids were grown on EMM-Leu medium
for at least 24 h to induce Cul4 expression before serial dilution plating assays
or ChIP assays were performed.

Protein purification and immunoprecipitation. For affinity purification of
Flag-Clr4- or Flag-Rik1-associated proteins, 12 litres of exponentially growing
cells were harvested, washed with 2 x HC buffer (300 mM HEPES-KOH pH 7.6,
2 mM EDTA, 100 mM KCl, 40% glycerol, 2 mM DT, protease inhibitor cocktail
(Roche, Indianapolis, IN)) and frozen in liquid nitrogen. Crude cell extracts
were prepared by vigorously blending frozen yeast cells with dry ice using a
household blender, followed by incubation with 30 ml 1 x HC buffer containing
250 mM KCl for 30 min. The lysates were cleared by centrifugation at 82,700g
for 2 h and pre-cleared with 250 pl of protein A-agarose for 1 h. The supernatant
was incubated with 250 ul of anti-Flag—agarose resin for 4 h and washed eight
times with 1 x HC containing 250 mM KCI. Bound proteins were eluted with
200 mg ml™' 3 x Flag peptide, precipitated by TCA, resolved by SDS-PAGE and
stained with Coomassie blue. Immunoprecipitation was performed with Flag or
Myc antibody using an IMMUNOcatcher kit (CytoSignal, Irvine, CA) according
to the manufacturer’s protocols.

Chromatin immunoprecipitation (ChIP) and immunofluorescence. ChIP
analysis was performed as described previously*. Immunoprecipitation was per-
formed with antibodies against Swi6, H3K9me2 or the Flag epitope. DNA isolated
from immunoprecipitated chromatin fractions (ChIP) or from whole-cell extract
(WCE) was quantitatively analysed by competitive PCR in which one primer pair
amplifies heterochromatin-embedded sequences such as ura4* or DNA repeat
elements, while the other primer pair amplifies control ura4DS/E minigene or
act] at euchromatic locations. The ratios of intensities of heterochromatin to
euchromatin signals in the ChIP and WCE lanes were used to calculate the relative
fold enrichment. Values less than 1 indicate no enrichment. Immunofluorescence
analysis was performed as described previously'. All samples were analysed with
a Zeiss Axioplan2 fluorescent microscope. OPENLAB software (Improvision,
Lexington, MA) was used for image analysis.

RNA extraction and RT-PCR. Total cellular RNA was isolated from log phase
cells using the MasterPure yeast RNA purification kit (Epicentre, Madison,
WI) according to the manufacturer’s protocol. Quantitative RT-PCR was per-
formed with 250 ng of RNA as a template with One-step RT-PCR kit (Qiagen,
Valencia, CA). Reactions in which the reverse transcription step was omitted
were performed in parallel.

Chromosome segregation assay and mating-type switching assays. To assay the
rate of chromosome loss, cells from Ade* colonies were plated on adenine-limited
medium (YE) and incubated at 30 °C for 4 days. If chromosome loss occurs in the
first division of a cell plated on YE, half of the resultant colony carrying Ch16 will be
white, whereas the other half without Ch16 will be red. The number of half-sectored
red/white colonies was determined and the rate of chromosome loss per cell division
was calculated by dividing the number of half-sectored colonies by the total number
of white colonies plus half-sectored colonies. Iodine staining and PCR-based assays
for determining mat1 genetic content have been described previously™.

BIND identifiers. Three BIND identifiers (www.bind.ca) are associated with this
manuscript: 317561, 317563 and 317564.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure S1 LC-MS/MS analysis of proteins associated with FLAG-CIr4 and FLAG-Rik1. (a
and b) Cul4 was identified by mass spectrometry of excised gel bands from FLAG-CIr4 (a)
and FLAG-Rik1 (b) purifications. The amino acid sequence of Cul4 is shown. Peptides

obtained by LC MS/MS are indicated in bold.

(c) LC-MS/MS analysis of protein mixtures

from FLAG-CIr4 purification identified Cul4 and Rik1. Identified peptides corresponding to

each protein are shown.
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Figure S2
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Figure S2 Tandem affinity purification of TAP-CIr4 identified a specific band
corresponding to the size of Cul4. (a) TAP-CIr4 protein is fully functional. Serial dilution
plating assays in the presence and absence of FOA were performed to measure the
expression of otr1::ura4* reporter gene. (b) Tandem affinity purification of TAP-CIr4.
Extracts prepared from indicated strains were purified by tandem affinity purification,
resolved by SDS-PAGE and subjected to silver-staining. Arrows indicate protein bands
specifically present in the TAP-CIr4 purification.
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Figure S3
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Figure S3 All cul4 mutants show silencing defects. Serial dilution plating assays in
the presence and absence of FOA were performed to measure the expression of

otr1::ura4* reporter gene.
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Figure S4
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Figure S4 Rik1 is localized to repetitive DNA sequences at major heterochromatic loci.
(a) Rik1-Myc protein is functional. Serial dilution plating assays in the presence and
absence of FOA were performed to measure the expression of otr1::ura4* reporter gene.
(b) Rik1 is localizes to major heterochromatic domains. Levels of Rik1-Myc at the
indicated locations were determined by ChIP. Primers used were dg660 (centromere),
cenH (silent mating-type region), and E12 (telomere).
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