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ABSTRACT

The assembly of heterochromatin in fission yeast and metazoans requires histone
H3-lysine 9 (-K9) methylation by the conserved Clr4/Suv3%h methyltransferase. In fission
yeast, H3-K9 methylation requires components of the RNAi machinery and is initiated by
the RNA-Induced Transcriptional Silencing (RITS) complex. Here we report the purification
of a novel complex that associates with the Clr4 methyltransferase, termed the CLRC
(CLr4-Rik1-Cul4) complex. By affinity purification of the Clr4-associated protein Rik1, we
show that, in addition to Clr4, Rik1 is associated with the fission yeast E3 ubiquitin ligase
Cullin4 (Cul4, encoded by cul4*), the ubiquitin-like protein, Ned8, and two previously
uncharacterized proteins, designated Cmc1 and Cmc2. In addition, the complex contains
substochiometric amounts of histones H2B and H4, and the 14-3-3 protein, Rad24.
Deletion of cul4*, cmc1*, cmc2* and rad24* results in a complete loss of silencing of a
ura4* reporter gene inserted within centromeric DNA repeats or the silent mating type
locus. Each of the above deletions also results in accumulation of noncoding RNAs
transcribed from centromeric repeats and telomeric DNA regions, and a corresponding
loss of small RNAs that are homologous to centromeric repeats, suggesting a defect in
the processing of noncoding RNA to small RNA. Based on these results, we propose that
the components of the Clr4-Rik1-Cul4 complex act concertedly at an early step in hete-
rochromatin formation.

INTRODUCTION

Heterochromatin is a conserved feature of eukaryotic chromosomes and plays impor-
tant roles in centromere function and epigenetic gene regulation.!? In the fission yeast
Schizosacchromyces pombe and metazoans, heterochromatin assembly is associated with
methylation of histone H3-lysine 9 (-K9) by Clr4/Suv39h methyltransferase.!> H3-K9
methylation creates a binding site for the chromodomain protein Swi6/HP1 and sequential
cycles of methylation and Swi6/HP1 binding have been proposed to mediate the spreading
of heterochromatin.*7 At centromeres, heterochromatin assembly is initiated by components
of the RNA interference (RNAi) machinery,® whereas at the silent mating type loci,
mat2/3, RNAI and site-specific DNA binding protein play redundant roles in initiating
heterochromatin assembly.>10

Transcription from divergent promoters at centromeric repeats generates long double-
stranded RNA, which is processed by Dcrl, the fission yeast Dicer homolog, into small
interfering RNAs of ~22 nucleotides in size.®!! The RNAi effector complex, RITS, uses
Dcrl-produced siRNAs as specificity factors to target a subset of chromosome regions for
inactivation.'? The generation of siRNAs also requires Rdp1, the fission yeast RNA-directed
RNA polymerase, and Clr4.'314 Rdp1 is a component of the RNA-directed RNA polymerase
complex (RDRC), which also contains the Hrr1 helicase and Cid12, a member of the polyA
polymerase family of enzymes.!? The RITS and RDRC complexes physically associate in
a Dcrl and Clr4 dependent manner, suggesting that both siRNAs and H3-K9 methylation
are important for RITS-RDRC interaction.'? Furthermore, the components of RITS and
RDRC complexes can be cross linked to centromeric DNA as well as noncoding centromeric
transcripts.!21315 These observations have given rise to the hypothesis that RITS recruits
RDRC and Clr4 to chromatin-associated nascent transcripts in order to initiate dsSRNA
synthesis and H3-K9 methylation.!? In this model Clr4 plays a dual role in heterochro-
matin assembly. First, it tethers RITS to chromatin via the chromodomain of Chpl and
mediates dsSRNA and siRNA synthesis by regulating RITS-dependent RDRC recruitment.
Second, it creates a binding pocket for Swi6 and this mediates heterochromatin spreading.
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Despite their conserved roles in heterochromatin

List of strains used in this study

assembly, histone H3-K9 methyltransferases that are Table 1
specific to heterochromatin assembly have not yet been .
purified. In order to gain insight into the mechanisms Strain
that regulate H3-K9 methylation and the potential roles SPY28
of this modification in regulation of the RNAi pathway, gggg
we purified a Clr4 containing complex from fission yeast, SPY137
using an affinity tag on the Clr4-associated protein SPY139
Rik1. Our purifications reveal that Clr4 and Rikl are  £yp 0
associated with the Cullin 4 ubiquitin ligase in a complex.  pypos
We show that Cul4, the fission yeast Cullin 4 homolog, gypys
as well as the other Rik1-associated proteins are required  pyps
for gene silencing at several different heterochromatic  pyps7
regions. Cullin 4 complexes have previously been shown  gypso
to be associated with DNA-damage binding proteins, Eyp75
Ddb1 and Ddb2.1620 Interestingly, Rik1 is homologous  EYP108
to Ddb1, suggesting possible parallels between mecha- EYP109
nisms that recruit the Clr4-Rik1-Cul4 and DDB1-Cul4  EYP111
complexes to specific nucleic acid targets, siRNA- EYP122
dependent structure at heterochromatin or damaged EYP130
DNA, respectively. EYP132
EYP181
EYP203
MATERIALS AND METHODS EYPoOA
Strain construction. Strains used in this study are listed in  EYP205

Genotype

(SPG1011) h* leu1-32 ade6é-216 ura4DS/E imrR(Ncol)::ura4* oril
h* leu1-32 ade6-216 uradDS/E imrR(Ncol)::ura4* oril rik1::TAP-Kan®
h* leu1-32 ade6-216 uradDS/E imrR(Ncol)::ura4* oril chp1A::TAP- Kank
h* leu1-32 ade6-210 ura4DS/E otrR(Sphl)::ura4*

h90 leu1-32 adeb-210 urad4DS/E mat3::urad*

h* leu1-32 adeé-210 ura4DS/E otrR(Sphl)::ura4* clrdA::KanR

h%0 leu1-32 adeb-210 urad4DS/E mat3::urad* clrdA::KankR

h* leu1-32 ade6-216 uradDS/E imrR(Ncol)::ura4* oril cmc1A::Nat
h* leu1-32 ade6-210 uradDS/E otrR(Sphl)::ura4* cmc1A::Na

h* leu1-32 ade6-216 uradDS/E imrR(Ncol)::ura4* oril cmc2A::NaiR
h* leu1-32 ade6-210 ura4DS/E otrR(Sphl)::ura4* cmc2A::Nat

h* leu1-32 ade6-216 uradDS/E imrR(Ncol)::ura4* oril cmc2A::TAP-KanR
h* leu1-32 ade6é-216 ura4DS/E imrR(Ncol)::ura4* oril rik1A::KanR
h* leu1-32 ade6-210 ura4DS/E otrR(Sphl)::ura4* rik1A::Kank

h* leu1-32 ade6-216 uradDS/E imrR(Ncol)::ura4* oril cul4A::NaiR
h* leu1-32 ade6-216 uradDS/E imrR(Ncol)::urad* oril clr4A::Kank
h* leu1-32 ade6-216 uradDS/E imrR(Ncol)::ura4* oril rad24A::Nai
h* leu1-32 ade6é-210 ura4DS/E otrR(Sphl)::ura4* rad24A::Na

h90 leu1-32 adeb-210 urad4DS/E mat3::urad* cmc1A::NaiR

h%0 leu1-32 adeb-210 ura4DS/E mat3::urad* rik1A::Kank

h?0 leu1-32 ade6-210 ura4DS/E mat3::urad* cmc2A::Nat

h90 leu1-32 adeb-210 uradDS/E mat3::urad* culdA::Nai

(Table 1.) Deletion and epitope-tagged strains were made
using a single-step gene replacement strategy.2!-2?

Silencing assays. Silencing of a ura4* reporter inserted in
various heterochromatic regions was performed as described.??

TAP purification and protein identification. Rik1-TAP and Cmc2-TAP
were purified as described and associated proteins were identified by
LC-MS/MS analysis of tryptic digests of excised silver-stained gel bands and
total mixtures of proteins?>24 using a hybrid linear ion trap -7 Tesla ion
cyclotron resonance Fourier transform instrument (LTQ-FT, Thermo
Finnigan, San Jose, CA).

RT-PCR. RNA from exponentially growing cultures was isolated as
follows. Four milliliters of overnight culture was refreshed in 25 ml of rich
medium for four hours. Cells were lysed by adding 1.2 ml of lysis buffer (50 mM
sodium acetate, 10 mM EDTA, 0.8% SDS) and 1.2 ml of acid phenol (pH
4.3), followed by repeated cycles of vortexing and incubation at 65°C.
1.3 ml of chloroform was added, and the aqueous phase containing RNA
was separated from the cell debris/organic phase using the Phase-Lock Gel
(Eppendorf). The recovered solution was supplemented with MgCl, and
CaCl2 to final concentrations of 25 and 5 mM, respectively, and was treated
with 50 units of DNase I (Roche) for two hours at 32°C. DNase I was
removed by phenol/chloroform extraction, and RNA was precipitated with
isopropanol. One microgram of RNA was used for each RT-PCR reaction
using the one-step RT-PCR kit (Qiagen) with primers listed in Table 2. For
detection of RNA from heterochromatic regions and act* after reverse tran-
scription, 26 and 21 cycles of PCR were performed, respectively.

Northern blot analysis of small RNAs. RNA was prepared as described
for RT-PCR. Small RNAs were enriched using the RNeasy midi kit according
to the manufacturer’s instruction (Qiagen). Twenty micrograms of small
RNAs were separated on 18% polyacrylamide gels containing urea, which
were subsequently electroblotted on nylon membranes using semi-dry transfer
apparatus (BioRad) at 10 volts for one hour. Membranes were cross-linked
at 1,200 pjoules, and baked at 80°C for 1 hour to immobilize RNA.
Membranes were hybridized in Ultra Hyb-oligo buffer (Ambion) with
radioactively labeled probes at 35°C overnight. Radioactive probes were
prepared by labeling 40 pmoles of oligos that are complementary to centromere
heterochromatic repeats!! with 40 pmoles of [y-32P] ATP (3000 Ci/mmol,
NEN Life Science), using polynucleotide kinase (Roche). Similarly labeled
oligos complementary to snoR69 were used as a loading control (EJP126 in
Table 2). Probes were purified using microspin G-25 columns (Amersham)

www.landesbioscience.com
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Table 2 List of oligonucleotides used in this study
Name Sequence

ACT1-1 5'GAGTCATCTTCTCACGGTTGGS!
ACT1-2 5'TCCTACGTTGGTGATGAAGCS!
RT-PCR-1 5'GAAAACACATCGTTGTCTTCAGAGS3!
RT-PCR-2 5'CGTCTTGTAGCTGCATGTGAAS!
AV360 5'ACATACTAGTGATGCAAGCGTTC3'
AV361 5'TACTATTCTCAACTTAAGTAGTC3!
AV362 5'TTICAAGACTTGGAAATCATGCAG3'
AV363 5'CCGTTCGAATGATATCCCTAACGS!
EJP126 5'CAATGTAAATACTCCGAGTGAGCTGGGTTTAACS!

Transcripts from actl*, ofr, imr and SPAC212.11 (silent telomeric ORF) were detected by pairs of oligonu-
dleotides ACT1-1/ACT1-2, RT-PCR-1/RT-PCR-2, AV360/AV361, and AV362/AV363, respectively. snoR69 was
detected with probes generated from EJP126.

prior to hybridization. Membranes were washed in 2X SSC, 0.5% SDS, and
small RNAs were visualized using a phosphoimager screen.

RESULTS

Purification of Rikl and identification of Rikl-associated proteins.
Rik1 has previously been shown to coimmunoprecipitate with Clr4 and like
Clr4 is required for H3-K9 methylation and heterochromatin formation.?>26
We created a strain that expressed a C-terminally TAP-tagged Rik1 protein,
which was fully functional for centromeric silencing (Fig. 1A). Rik1-TAP
was purified as previously described and its associated proteins were identi-
fied by LC-MS/MS analysis of excised gel bands and trichloroacetic acid
(TCA) precipitated mixture of proteins?>?’ (Fig. 1B, Table 3). Analysis of the
precipitated mixture identified Rikl, Cul4, Clr4, SPCCG613.12c,
SPCC970.07¢, Ned8, histone H4, histone H2B and Rad24 as Rik1-associated
proteins (Table 3). All proteins, except H2B and H4, were represented with
two or more peptides. We designated the proteins encoded by SPCC613.12¢
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and SPCC970.07¢c, Cmcl and Cmc2, respectively (Cullin-associated
methyltransferase complex protein). Cmcl is a WD-repeat protein, but
Cmc2 shares no obvious sequence similarity with other proteins in databases.
Analysis of silver-stained bands verified the presence of Rik1, Cul4, Ned8,
Clr4, Cmcl, Cmc2, histone H2B, as well as three ubiquitin peptides in
Rik-TAP purifications (Fig. 1B). The comigration of Ned8 with Cul4 is
consistent with previous findings showing that activated Cullin subunits are
neddylated (reviewed in ref. 28). The identification of histone in the
Clr4-Rik1-Cul4 complex strongly suggests that the complex is chromatin

Figure 1. Purification of the S. pombe CLRC Complex and identification of
its subunits. (A) Epitope-tagged Rik1 and Cmc2 are fully functional. A ura4*
reporter inserted at the innermost centromeric repeats (imr1R::ura4*) in
strains containing rik 1-TAP or cmc2-TAP shows the wild-type level of silencing.
N/S indicates no selection, while 5-FOA indicates selection against ura4*.
(B) Silver-stained gel shows the purification of Rik1-TAP. A control purification
from an untagged strain and molecular markers are also shown. Protein
identities are based on LC-MS/MS analysis of excised gel bands. (C) S. pombe
Rik1 and Ddb1 share sequence similarity. Schematic diagram represents the
Rik1 and Ddb1 proteins. The shaded area (gray) denotes the region of
amino acid sequence similarity. Rik1 and Ddb1 share 21% of sequence
identity and 43% of sequence similarity. The dotted area indicates the region
of sequence similarity with the cleavage and polyadenylation specificity
factor-A (CPSF-A).

associated. Furthermore, the presence of ubiquitin peptides in the 15-20
kD region of the gel suggests that one of the core histones, or an unidentified
small protein, associated with Rikl may be ubiquitylated.

We next generated strains that expressed C-terminally TAP-tagged Cmcl
and Cmc2, of which only the Cmc2-TAP strain was fully functional in a
silencing assay (Fig. 1A). LC-MS/MS analysis of two independent Cmc2-TAP
purifications identified nearly all of the same proteins that were identified in
Rik1-TAP purifications (Table 3). In addition, Rbx1, the fission yeast
homolog of the human and budding yeast ring domain protein, previously
shown to be associated with and required for the activation of Cullin ubiq-
uitin ligases,29 was present in one of our Cmc2-TAP purifications.

Rik1-associated proteins are required for gene silencing. In order to test
the possible role of RikI-associated proteins in gene silencing within hete-
rochromatic regions, we replaced the open reading frame for each cmcl®,
cme2*, culd* and rad24* with an antibiotic resistance marker in strains that
carried the ura4"* reporter gene at the centromeric innermost (7mrlR::ura4*)
or outermost (o#rIR:ura4*) repeat regions. As previously reported for
chpIA, rikIA, and clr4A cells, we observed a complete loss of silencing of the
imrlR::ura4* reporter gene in cmclA, cmc2A, cul4A and rad24A cells
(Fig. 2A). Deletion of emcl*, cme2*, and rad24* also abolished silencing of
the otr1R::ura4* reporter gene (Fig. 2B). The newly identified Rik1-associated
proteins were therefore required for silencing within the centromeric
repeats. Rbx1 and Ned8 are essential for growth and their expected role in
silencing could not be assessed.

Unlike components of the RNAi pathway, Rikl and Clr4 are required
for silencing at the silent m422/3 region. To determine whether the newly
identified Rik1-associated proteins were similarly required for silencing at
the mat2/3 region, each of the above deletions was also tested for silencing
of the ura4* gene inserted within the mating type region heterochromatin
(mat3::ura4*). As is the case with the deletion of 7ik1* and c/r4*, deletion of
emel*, eme2* and cul4* resulted in a complete loss of silencing of the

mat3::ura4* reporter (Fig. 3), indicating that each of the

new gene products was required for mating type silencing.
Defects in components of the RNAi pathway and

Table 3 Identification of Rik1-associated proteins by mass spectrometry
LC-MS/MS of Total Mixtures
(# Unique Peptides, % Sequence Coverage hy Mass)
Rik1-TAP 1¢ Rik1-TAP 2"d Cmc2-TAP 1% Cmc2-TAP 2"

Rik1 (28, 29%)

Culd (15, 22%)
Cmcl (10, 25%)
Cmc2 (11, 18%)
Clr4 (4, 14%)

Ned8 (3, 25%)
histone H4 (2, 22%)
histone H2B (1, 11%)
Rad24 (1, 5%)

Rik1 (33, 34%)
Cul4 (9, 14%)
Cmcl (15, 42%)
Cmc2 (9, 17%)
Clr4 (6, 19%)
Ned8 (1, 15%)
histone H4 (2, 22%)

Rik1 (17, 20%)
Culd (14, 24%)
Cmel (15, 40%)
Cme2 (12, 23%)
Clrd (2, 6%)
Ned8 (2, 25%)

Rad24 (1, 5%)

Cme2 (15, 22%)

other genes that act upstream of H3-K9 methylation result
in accumulation of noncoding RNAs that are transcribed
from centromeric repeats.®13 We therefore tested whether
deletion of each cmcl*, cmc2*, cul4* and rad24* affected
the accumulation of noncoding heterochromatic RNAs
in an RT-PCR assay. As shown in Figure 4, noncoding
RNAs corresponding to the otr-dg repeats accumulate in
rikIA, cmclA, cmc2A, cul4A and rad24A cells, similar to
what has been previously reported for c/r4A cells.!?
Noncoding transcripts at the imr region of the centromere
have not yet been mapped, but we detected the accumu-
lation of RNAs corresponding to imr, as well as the sub-
telomeric SPAC212.11 open reading frame previously
reported to be targeted by the RNAi pathway in each of
the above mutant strains®® (Fig. 4). In contrast, none of
the deletions affected the level of actin mRNA (Fig. 4).

Rik1 (13, 15%)
Cul4 (8, 12%)
Cmcl (7, 18%)

Clrd (4, 12%)

Rad24 (1, 5%)
Rbx1 (1, 10%)
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Small RNAs corresponding to the centromere hete-
rochromatic repeats, called centromeric siRNAs, have
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imri1R::ura4*
A

5-FOA

wild type
chp1A
rik1A
cirdA
cmci1A
cmc2A
rad24A
culd4A

B

wild type
rik1A
clrdA
cmciA
cmc2A
rad24A

Figure 2. Rik1-associated proteins are required for silencing at centromeric
DNA regions. Silencing of ura4* inserted at (A) the innermost centromeric
repeats (imr1R::ura4*) and (B) outermost centromeric repeats (ofr1R:: ura4*)
is lost in ecmcl1A, cmc2A, rad24A, and cul4A cells . Silencing in chplA,
rik1A and clr4A cells is shown for comparison. N/S indicates no selection,
while 5-FOA indicates selection against ura4*.

been proposed to be important for recruitment of RITS and RDRC, the
RNAI machineries required for initiation of heterochromatin formation. To
test whether siRNA production is affected by the loss of Rikl-associated
proteins, we used Northern blot analysis to examine changes in siRNA lev-
els that might result from deleting genes that encode the Rik1-associeted
proteins. In contrast to wild-type cells, in 7ikIA, clr4A, cmclA, cmc2A,
cul4A and rad24A cells, siRNAs homologous to centromeric repeats were
absent, as was the case in derIA cells (Fig. 5). These results indicate a failure
to process noncoding RNA to siRNAs, and strongly suggests that Cmcl,
Cmc2, Cul4, and Rad24 act together with Rik1 and Clr4 in an early step in

heterochromatin formation.

DISCUSSION

A Cullin-associated histone methyltransferase complex. In this
study, we have used affinity purification to identify several proteins
that associate with the fission yeast silencing protein Rikl. In addi-
tion to the Clr4 histone H3-K9 methyltransferase, Rik1 associated
proteins include Cul4, the fission yeast Cul4 homolog, as well as two
previously uncharacterized proteins, Cmcl and Cmc2, the 14-3-3
protein Rad24, and the histones H2B and H4. Deletion of cu/4*,
emel*, eme2* and rad24* abolishes the silencing of a ura4* reporter
gene at centromeric DNA repeats and the silent mating type loci and
is accompanied by accumulation of noncoding centromeric RNAs.
Our results demonstrate that an E3 ubiquitin ligase is associated
with Rik1/Clr4 and is required for heterochromatin formation.

The purification of the Rikl complex has been reported inde-
pendently by Horn et al.3! but their Rikl purifications did not

www.landesbioscience.com
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mat3::ura4*

5-FOA

wild type
rik14
clrdA
cmeld
cme24

cul4A

Figure 3. Rik1-associated proteins are required for silencing at the mating
type region. Deletion of cmc1+, cmc2*, and cul4* results in loss of silencing
of a mat3::ura4* reporter gene.

12 3 45 6 7 8 9 10 11 12 13 14

Figure 4. Noncoding heterochromatic transcripts accumulate in cells lacking
RikT-associated proteins. RT-PCR shows that the transcripts from silent loci,
but not actin mRNA (act1*), become more abundant in cells lacking the
CLRC subunits (compare lanes 2-7 with lane 1). ofr, outer centromeric
repeats; imr, innermost centromeric repeats; TEL, subtelomeric open reading
frame, SPAC212.11.

contain Ned8 or Rad24. In addition to identifying the protein subunits
of the Rikl complex, we have found that (1) the Rikl-associated
Cul4 is neddylated, suggesting that it is an active ubiquitin ligase, (2)
ubiquitin peptides comigrate with histones in our Rik1 purifications,
suggesting that histones are the likely targets of Cul4-mediated ubiq-
uitylation in the complex, (3) noncoding RNAs accumulate in cells
with deletions of the genes that code for each one of the Rik1-asso-
ciated proteins, and (4) these noncoding RNAs do not get processed
to siRNAs that are normally loaded on RITS. We had previously
shown that the RITS complex purified from c/r4A cells is devoid of
siRNAs.!3 The absence of siRNAs in total RNA preparations from
cells carrying deletions of Rik1-associated proteins, assayed by Northern
blotting (Fig. 5), suggests that Clr4, Rik1, and their associated proteins
are required for siRNA generation, rather than siRNA loading onto
RITS.

Cul4 E3 ubiquitin ligase complexes and heterochromatin assem-
bly. Attachment of ubiquitin to target proteins involves activation by
an E1 enzyme and subsequent transfer by an E2 ubiquitin-conjugating
enzyme (reviewed in ref. 32). E2 enzymes are typically associated
with an E3 ubiquitin ligase that recognizes the substrate. Eukaryotic
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Wild type
der1A
rik1A
clrdA
cul4A
cmci1A
cme2A
rad24A

Centromeric ‘
siRNAs

e N — -~y
)

1 2 3 4 5 6 7 8

Figure 5. Production of centromeric siRNAs is impaired in cells lacking the
CLRC subunits. Northern blot shows that siRNAs homologous to centromeric
repeats are absent in cells lacking the CLRC subunits (compare lanes 2-7
with lane 1). snoR69 is shown as a loading control.

Figure 6. Parallels between the Clr4-Rik1-Cul4 and Ddb1-Cul4 complexes
and model for recruvitment of RNAi complexes and Clr4-Rik1-Cul4 to
chromatin. Schematic diagrams of (A) Clr4-Rik1-Cul4 (CLRC) and (B)
Ddb1-Cul4 (DDB) complexes, showing a similarity in composition. Arrow
indicates the ubiquitylation of unknown substrate(s). In addition to the
indicated subunits, Rad24 associates with CLRC and may regulate its activity.
Ub, ubiquitin; N8, Ned8. (C) Model for the recruitment or Clr4-Rik1-Cul4
complex to chromatin via interactions with a RITS-associated nascent
transcript. RITS, RNA-Jnduced Transcriptional Silencing complex; RDRC,
RNA-Directed RNA polymerase Complex. Me, histone H3 methylated at
lysine 9. See text for details.

cells contain numerous E3 ubiquitin ligases that are the primary
determinants of substrate specificity. Cullins act as scaffold proteins
for a subset of multisubunit E3 ubiquitin ligases that are involved in
diverse biological processes. The founding member of these complexes
is the SCF (Skp1-Cullin-F-box) complex in which the Cull subunit
associates with Skpl and an F-box protein that mediate substrate
recognition.?33% In the Cul2 and Cul3 complex, other proteins
replace the Skp1/F-box module and mediate substrate ubiquitylation.

Cul4 ubiquitin ligase complexes have been previously purified
from fission yeast and mammalian cells and are associated with
DNA damage repair and genome stability.36 In human cells, Cul4 is
associated with the DNA damage-binding proteins, Ddb1 and Ddb2,
which form a complex together that recognizes cyclobutane pyrimidine
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dimers. Upon induction of DNA damage, the Ddb1/Cul4 complex
binds damaged DNA and targets Cdtl, a replication licensing factor,
for ubiquitylation and subsequent degradation in order to prevent
rereplication of DNA.37-38 As Ddb1 bridges the interaction between
Cul4 and its substrate Cdtl, it has been proposed that Ddb1 is the
specificity factor that recognizes target substrates'? (Fig. 5B).

Rik1 shares sequence similarity with fission yeast Ddb1 over its
entire length (see Fig. 1C). Based on its sequence similarity to Ddbl,
we propose that Rikl, alone or in combination with Cmcl (a
WD- repeat protein) and Cmc2 proteins, constitutes the substrate
specificity module in the Cul4-Clr4 complex (Fig. 5A). Whereas
Ddbl targets Cul4 to damaged DNA and other substrates such as
Cdtl, we propose that Rik1 targets this E3 ubiquitin ligase, together
with the Clr4 histone H3 methyltransferase, to a chromatin structure
that is created during heterochromatin assembly (Fig. 5C). We have
previously noted that the C-terminus of Rik1 shares sequence simi-
larity to the CPSF-A subunit of the polyA polymerase complex!3
(see Fig. 1C). Sequence similarity between Rikl and two nucleic
acid binding proteins, CPSF-A and Ddb1, suggests that Rikl may
be a nucleic acid binding protein that recognizes some feature of
noncoding nascent transcripts that are targeted by the RITS complex
during heterochromatin assembly. This targeting would then trigger
the ubiquitylation of an unknown chromatin substrate(s) and histone
H3-K9 methylation. Previous studies have established a link between
histone H2B ubiquitylation and histone H3-K4 and -K79 methyla-
tion in active chromatin.’?4? An intriguing possibility suggested by
our results is that ubiquitylation of a histone or another protein also
mediates H3-K9 methylation in heterochromatin.

The 14-3-3 protein, Rad24, is required for heterochromatin
formation. The 14-3-3 proteins bind to phosphoserine containing
proteins and regulate numerous functional interactions.®>%4 In
addition to its role in the DNA damage checkpoint, the fission yeast
Rad24 has been found to associate with two RNA-binding proteins.
The association of the RNA-binding protein Mei2 with MeiRNA is
a required step for entry into meiosis; Rad24 disrupts Mei2-
MeiRNA association and inhibits meiosis by binding to phosphory-
lated Mei2.#> Rad24 also copurifies with the Cid13 polyA polymerase
but the functional significance of this interaction is unknown.4¢ The
association of Rad24 with Rikl and Cmc2, and its requirement for
gene silencing, suggest that phosphorylation and Rad24 binding
regulate CLRC function in heterochromatin assembly.

References

1. Richards EJ, Elgin SC. Epigenetic codes for heterochromatin formation and silencing:
Rounding up the usual suspects. Cell 2002; 108:489-500.

2. Grewal SI, Moazed D. Heterochromatin and epigenetic control of gene expression. Science
2003; 301:798-802.

3. Jenuwein T, Allis CD. Translating the histone code. Science 2001; 293:1074-80.

4. Rea S, Eisenhaber F, O'Carroll D, Strahl BD, Sun ZW, Schmid M, Opravil S, Mechtler K,
Ponting CP, Allis CD, Jenuwein T. Regulation of chromatin structure by site-specific his-
tone H3 methyltransferases. Nature 2000; 406:593-9.

5. Lachner M, O'Carroll D, Rea S, Mechtler K, Jenuwein T. Methylation of histone H3 lysine
9 creates a binding site for HP1 proteins. Nature 2001; 410:116-20.

6. Bannister AJ, Zegerman P, Partridge JE Miska EA, Thomas JO, Allshire RC, Kouzarides T.
Selective recognition of methylated lysine 9 on histone H3 by the HP1 chromo domain.
Nature 2001; 410:120-4.

7. Nakayama J, Rice JC, Strahl BD, Allis CD, Grewal SI. Role of histone H3 lysine 9 methy-
lation in epigenetic control of heterochromatin assembly. Science 2001; 292:110-3.

8. Volpe TA, Kidner C, Hall IM, Teng G, Grewal SI, Martienssen RA. Regulation of hete-
rochromatic silencing and histone H3 lysine-9 methylation by RNAi. Science 2002;
297:1833-7. Epub 2002 Aug 22.

9. Hall IM, Shankaranarayana GD, Noma K, Ayoub N, Cohen A, Grewal SI. Establishment
and maintenance of a heterochromatin domain. Science 2002; 297:2232-7.

10. Jia S, Noma K, Grewal SI. RNAi-independent heterochromatin nucleation by the
stress-activated ATF/CREB family proteins. Science 2004; 304:1971-6.

2005; Vol. 2 Issue 3



20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.
31.

32.
33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

www.landesbioscience.com

Cullin-Associated Histone Methyltransferase Complex

. Reinhart BJ, Bartel DP. Small RNAs correspond to centromere heterochromatic repeats.

Science 2002; 297:1831.

. Verdel A, Jia S, Gerber S, Sugiyama T, Gygi S, Grewal SI, Moazed D. RNAi-mediated tar-

geting of heterochromatin by the RITS complex. Science 2004; 303:672-6.

. Motamedi MR, Verdel A, Colmenares SU, Gerber SA, Gygi SP, Moazed D. Two RNAi

complexes, RITS and RDRC, physically interact and localize to noncoding centromeric
RNAs. Cell 2004; 119:789-802.

. Sugiyama T, Cam H, Verdel A, Moazed D, Grewal SI. RNA-dependent RNA polymerase

is an essential component of a self-enforcing loop coupling heterochromatin assembly to

siRNA production. Proc Natl Acad Sci USA 2005; 102:152-7.

. Noma K, Sugiyama T, Cam H, Verdel A, Zofall M, Jia S, Moazed D, Grewal SI. RITS acts

in cis to promote RNA interference-mediated transcriptional and post-transcriptional

silencing. Nat Genet 2004; 36:1174-80.

. Wertz IE, O'Rourke KM, Zhang Z, Dornan D, Arnott D, Deshaies R], Dixit VM. Human

De-ctiolated-1 regulates c-Jun by assembling a CUL4A ubiquitin ligase. Science 2004;
303:1371-4.

. Shiyanov P Nag A, Raychaudhuri P. Cullin 4A associates with the UV-damaged

DNA-binding protein DDB. J Biol Chem 1999; 274:35309-12.

. Groisman R, Polanowska J, Kuraoka I, Sawada J, Saijo M, Drapkin R, Kissclev AF, Tanaka

K, Nakatani Y. The ubiquitin ligase activity in the DDB2 and CSA complexes is differen-
tially regulated by the COP9 signalosome in response to DNA damage. Cell 2003;
113:357-67.

. Hu ], McCall CM, Ohta T, Xiong Y. Targeted ubiquitination of CDT1 by the

DDB1-CUL4A-ROCI ligase in response to DNA damage. Nat Cell Biol 2004; 6:1003-9.
Holmberg C, Fleck O, Hansen HA, Liu C, Slaaby R, Carr AM, Nielsen O. Ddb1 controls
genome stability and meiosis in fission yeast. Genes Dev 2005; 19:853-62.

Bahler J, Wu JQ, Longtine MS, Shah NG, McKenzie A 3rd, Steever AB, Wach A,
Philippsen P, Pringle JR. Heterologous modules for efficient and versatile PCR-based gene
targeting in Schizosaccharomyces pombe. Yeast 1998; 14:943-51.

Tasto JJ, Carnahan RH, McDonald WH, Gould KL. Vectors and gene targeting modules
for tandem affinity purification in Schizosaccharomyces pombe. Yeast 2001; 18:657-62.
Verdel A, Moazed D. Labeling and characterization of small RNAs associated with the
RNA interference effector complex RITS. Methods Enzymol 2005; 392:297-307.

Peng J, Gygi SP. Proteomics: The move to mixtures. ] Mass Spectrom 2001; 36:1083-91.
Ekwall K, Ruusala T. Mutations in 7ik1, clr2, clr3 and clr4 genes asymmetrically derepress
the silent mating-type loci in fission yeast. Genetics 1994; 136:53-64.

Sadaie M, Tida T, Urano T, Nakayama J. A chromodomain protein, Chpl, is required for
the establishment of heterochromatin in fission yeast. EMBO ] 2004; 23:3825-35.
Rigaut G, Shevchenko A, Rutz B, Wilm M, Mann M, Seraphin B. A generic protein purifi-
cation method for protein complex characterization and proteome exploration. Nat
Biotechnol 1999; 17:1030-2.

Cope GA, Deshaies R]. COP9 signalosome: A multifunctional regulator of SCF and other
cullin-based ubiquitin ligases. Cell 2003; 114:663-71.

Kamura T, Koepp DM, Conrad MN, Skowyra D, Moreland R], Iliopoulos O, Lane WS,
Kaelin WG Jr, Elledge SJ, Conaway RC, Harper JW, Conaway JW. Rbx1, a component of
the VHL tumor suppressor complex and SCF ubiquitin ligase. Science 1999; 284:657-61.
Mandell JG, Bahler J, Volpe TA, Martienssen RA, Cech TR. Global expression changes
resulting from loss of telomeric DNA in fission yeast. Genome Biol 2005; 6:R1.

Horn PJ, Bastie JN, Peterson CL. A Rik1-associated, cullin-dependent E3 ubiquitin ligase
is essential for heterochromatin formation. Genes Dev 2005; 19:1705-14.

Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem 1998; 67:425-79.
Skowyra D, Craig KL, Tyers M, Elledge SJ, Harper JW. F-box proteins are receptors that
recruit phosphorylated substrates to the SCF ubiquitin-ligase complex. Cell 1997; 91:209-19.
Deshaies R]. SCF and Cullin/Ring H2-based ubiquitin ligases. Annu Rev Cell Dev Biol
1999; 15:435-67.

Zheng N, Schulman BA, Song L, Miller JJ, Jeffrey PD, Wang P, Chu C, Koepp DM,
Elledge SJ, Pagano M, Conaway RC, Conaway JW, Harper JW, Pavletich NP. Structure of
the Cull-Rbx1-Skp1-F boxSkp2 SCF ubiquitin ligase complex. Nature 2002; 416:703-9.
Pintard L, Willems A, Peter M. Cullin-based ubiquitin ligases: Cul3-BTB complexes join
the family. EMBO J 2004; 23:1681-7.

Zhong W, Feng H, Santiago FE, Kipreos ET. CUL-4 ubiquitin ligase maintains genome
stability by restraining DNA-replication licensing. Nature 2003; 423:885-9.

Higa LA, Mihaylov IS, Banks DP, Zheng ], Zhang H. Radiation-mediated proteolysis of
CDT1 by CUL4-ROC1 and CSN complexes constitutes a new checkpoint. Nat Cell Biol
2003; 5:1008-15.

Dover ], Schneider J, Tawiah-Boateng MA, Wood A, Dean K, Johnston M, Shilatifard A.
Methylation of histone H3 by COMPASS requires ubiquitination of histone H2B by
Rad6. ] Biol Chem 2002; 277:28368-71.

Sun ZW, Allis CD. Ubiquitination of histone H2B regulates H3 methylation and gene
silencing in yeast. Nature 2002; 418:104-8.

Ng HH, Xu RM, Zhang Y, Struhl K. Ubiquitination of histone H2B by Rad®6 is required
for efficient Dotl-mediated methylation of histone H3 lysine 79. J Biol Chem 2002;
277:34655-7.

Ezhkova E, Tansey WP. Proteasomal ATPases link ubiquitylation of histone H2B to methy-
lation of histone H3. Mol Cell 2004; 13:435-42.

Muslin AJ, Tanner JW, Allen PM, Shaw AS. Interaction of 14-3-3 with signaling proteins
is mediated by the recognition of phosphoserine. Cell 1996; 84:889-97.

44,

45.

46.

RNA Biology

Meck SE, Lane WS, Piwnica-Worms H. Comprehensive proteomic analysis of interphase
and mitotic 14-3-3-binding proteins. J Biol Chem 2004; 279:32046-54.

Sato M, Watanabe Y, Akiyoshi Y, Yamamoto M. 14-3-3 protein interferes with the binding
of RNA to the phosphorylated form of fission yeast meiotic regulator Mei2p. Curr Biol
20025 12:141-5.

Saitoh S, Chabes A, McDonald WH, Thelander L, Yates JR, Russell P. Cid13 is a cyto-
plasmic poly(A) polymerase that regulates ribonucleotide reductase mRNA. Cell 2002;
109:563-73.

111



