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SUMMARY

Centromeric heterochromatin assembly in fission
yeast requires the RNAi pathway. Chp1, a chromodo-
main (CD) protein, forms the Ago1-containing RNA-
induced transcriptional silencing (RITS) complex
and recruits siRNA-bound RITS to methylated
histone H3 lysine 9 (H3K9me) via its CD. Here, we
show that the CD of Chp1 (Chp1-CD) possesses
unique nucleic acid-binding activities that are essen-
tial for heterochromatic gene silencing. Detailed
electrophoretic-mobility shift analyses demon-
strated that Chp1 binds to RNA via the CD in addition
to its central RNA-recognition motif. Interestingly,
robust RNA- and DNA-binding activity of Chp1-CD
was strongly enhanced when it was bound to
H3K9me, which was revealed to involve a positively
charged domain within the Chp1-CD by structural
analyses. These results demonstrate a role for the
CD that provides a link between RNA, DNA, and
methylated histone tails to ensure heterochromatic
gene silencing.

INTRODUCTION

In eukaryotic cells, the formation of higher-order chromatin
structure, called heterochromatin, plays an important role in
diverse chromosomal processes. Heterochromatin is generally
transcriptionally silent, and the assembly of silent chromatin
is intimately linked with changes in posttranslational histone
tail modifications. The methylation of histone H3 lysine 9
(H3K9me) by SUV39H family methyltransferases, which is a
hallmark of heterochromatin, acts as a binding site for a set of
chromatin proteins that includes the evolutionarily conserved
heterochromatin protein 1 (HP1) (Bannister et al., 2001; Lachner
et al., 2001; Nakayama et al., 2001).

In the fission yeast Schizosaccharomyces pombe, heterochro-
matin is essential for forming functional chromosomal domains

such as centromeres, the mating-type region, and telomeres
(Allshire et al., 1995; Grewal and Jia, 2007). Fission yeast hetero-
chromatin is characterized by H3K9 methylation by Cir4,
a homolog of mammalian SUV39H. This methylation provides
docking sites for two HP1 proteins, Swi6 and Chp2 (Bannister
et al., 2001; Nakayama et al., 2001; Sadaie et al., 2004), which,
in turn, recruit a wide range of chromatin proteins to form repres-
sive chromatin structures (Fischer et al., 2009; Motamedi et al.,
2008; Sadaie et al., 2008). The assembly and maintenance of
centromeric heterochromatin is directly linked to the RNA inter-
ference (RNAI) pathway (Buhler and Moazed, 2007; Grewal and
Jia, 2007). Centromeric DNA repeats are weakly transcribed in
the G1/S phase (Chen et al., 2008; Kloc et al., 2008), and the pro-
cessing of these transcripts through the RNAi pathway is
coupled with the targeting of Clr4 methyltransferase activity to
the centromeric regions (Volpe et al., 2002).

In currently proposed models, siRNAs are loaded onto the
argonaute protein Ago1, a component of the RNA-induced tran-
scriptional silencing (RITS) complex, which also contains the
chromodomain protein Chp1 and the GW-repeat protein Tas3
(Verdel et al., 2004). The RITS complex targets nascent centro-
meric transcripts through base-pairing interactions with Ago1-
bound siRNAs and by Chp1’s association with H3K9me (Buhler
et al., 2006; Partridge et al., 2002). This interaction leads to the
recruitment of RNA-dependent RNA polymerase complex
(RDRC), which contains the RNA-dependent RNA polymerase
Rdp1, the RNA helicase Hrr1, and the polyA polymerase-family
protein Cid12 (Motamedi et al., 2004). The RDRC then synthe-
sizes double-stranded RNAs (dsRNAs) that are processed into
siRNAs by Dicer (Dcr1) and are transported to the RITS complex
(Buker et al., 2007; Motamedi et al., 2004; Sugiyama et al., 2005).
Chromatin-associated RITS also recruits the Clr4 complex
(CLRC) to methylate H3K9. Deleting any of the RNAi compo-
nents causes the loss of centromeric silencing and reduces
H3K9me and Swi6 recruitment (Volpe et al., 2002), while deleting
Clr4 impairs siRNA production and heterochromatin formation
(Motamedi et al., 2004; Noma et al., 2004; Sadaie et al., 2004;
Shanker et al., 2010). Therefore, it is thought that centromeric
heterochromatin is maintained by a self-enforcing loop involving
H3K9me and the RNAI pathway.

Molecular Cell 47, 1-14, July 27, 2012 ©2012 Elsevier Inc. 1


mailto:jnakayam@cdb.riken.jp
mailto:nisimura@tsurumi.yokohama-cu.ac.jp
http://dx.doi.org/10.1016/j.molcel.2012.05.017

Silencing, Molecular Cell (2012), doi:10.1016/j.molcel.2012.05.017

Please cite this article in press as: Ishida et al., Intrinsic Nucleic Acid-Binding Activity of Chp1 Chromodomain Is Required for Heterochromatic Gene

The chromodomain (CD) is an evolutionarily conserved pro-
tein module that was first identified in the Drosophila proteins
HP1 and Polycomb (Pc) (Paro and Hogness, 1991). The CD’s
best-recognized target is the methylated histone tail: HP1's CD
binds to H3K9me (Bannister et al., 2001; Lachner et al., 2001;
Nakayama et al., 2001), and Pc’s CD binds to K27-methylated
histone H3 (Bernstein et al., 2006). Several lines of evidence
suggest that the CD, in addition to targeting methylated histones,
also binds to DNA and RNA (Akhtar et al., 2000; Bouazoune et al.,
2002). For example, two components of Drosophila dosage-
compensation complex, MOF and MSLS3, contain a CD that
binds to RNA (Akhtar et al., 2000). A mouse Pc homolog,
Cbx7, can also bind to RNA (Bernstein et al., 2006); the noncod-
ing RNA ANRIL was suggested to be one of its in vivo targets
(Yap et al., 2010). The CD in the S. cerevisiae Esa1l histone ace-
tyltransferase also binds to RNA (Shimojo et al., 2008). Although
both the RNA-binding and methylated histone-binding activities
of CDs are known to be important for CD protein functions in
several biological processes, the physical and functional rela-
tionships between these two activities are poorly understood.

In S. pombe, four CD proteins, Clr4, Chp1, Chp2, and Swi6,
have confirmed functional roles in heterochromatin assembly.
Since these proteins use and share the same H3K9me marks
to bind to target chromatin, it is important to understand the
mechanism by which they recognize H3K9me and how their
distinct functions are coordinated at the same locus. Chp2’s
CD (Chp2-CD) and Swi6’s CD (Swi6-CD) have comparable
H3K9me-binding affinities (Sadaie et al., 2008), whereas Clr4’s
CD (CIr4-CD) binds to H3K9me with a slightly higher affinity
than Swi6-CD (Zhang et al., 2008). Chp1-CD’s H3K9me-binding
affinity, which is critical for establishing heterochromatin, is the
highest among these four CDs (Schalch et al., 2009). Chp1
targets H3K9me-enriched chromatin via its N-terminal CD
(Noma et al., 2004; Partridge et al., 2002; Sadaie et al., 2004; Ver-
del et al., 2004) and recruits the RITS complex through interaction
between its C-terminal region and Tas3 (Partridge et al., 2007).
While Chp1 possesses a putative RNA recognition motif (RRM)
in its central region, the RRM’s RNA-binding activity and func-
tional importance have remained obscure (Petrie et al., 2005).

Here, we demonstrate that Chp1 binds to RNA via both its
N-terminal CD and its central RRM. The CD of Chp1, however,
shows robust RNA- and DNA-binding activity when it is bound
to H3K9me. Structural and mutational analyses revealed that
Chp1 uses a positively charged domain for this induced activity.
In vivo analyses confirmed that these nucleic acid-binding activ-
ities contribute to Chp1’s silencing function. Interestingly,
a similar nucleic acid-binding ability was also associated with
Clr4d’s CD (CIr4-CD) when bound to H3K9me. These nucleic
acid-binding activities appeared to provide a division of roles
and set an order of chromatin targeting among four CD proteins
in the formation of higher-order chromatin structure.

RESULTS
Chp1 Binds to Single-Stranded RNA via Two Distinct
Domains

To investigate the possibility that Chp1 function involves an
RNA-binding activity, we first conducted an electrophoretic-

2 Molecular Cell 47, 1-14, July 27, 2012 ©2012 Elsevier Inc.

Molecular Cell
Chp1 CD links RNA and K9-Methylated Histone H3

mobility shift assay (EMSA) using an in vitro transcribed centro-
meric RNA (cen RNA) as a probe to investigate whether Chp1
directly binds to RNA. A centromeric repeat region (376 bp)
previously characterized as small RNA-generating clusters
(Djupedal et al., 2009) was cloned and used for in vitro transcrip-
tion. The full-length Chp1 and GST-fusions of three truncated
fragments (Chp1-1/3, Chp1-2/3, and Chp1-3/3) were expressed
and affinity-purified for the EMSA (Figures 1A and 1B). GST alone
was used as a negative control.

In this assay, the full-length Chp1 showed a robust RNA-
binding activity (Figure 1C). Chp1 possesses a putative RRM in
its central region (Petrie et al., 2005), and the central Chp1-2/3
fragment that contained this RRM showed similar RNA-binding
activity (Figure 1C). Interestingly, the N-terminal Chp1-1/3 frag-
ment in which the CD was located also bound to centromeric
(cen) RNA, but the C-terminal Chp1-3/3 fragment did not. Since
previous reports suggest that several CDs can bind to RNA (Akh-
tar et al., 2000; Bernstein et al., 2006; Shimojo et al., 2008), the
conserved Chp1-CD region (residues 20-75) was expressed as
a GST-fusion protein (GST-Chp1-CD) (Figure 1B) and examined
by RNA EMSAs. This conserved CD fragment was also able to
bind to the cen RNA (Figure 1C). In contrast, a Chp1-1/3
construct lacking the Chp1-CD central region failed to retain
the cen RNA-binding activity (Figures 1D and 1E, Chp1-1/3-
A38-55), indicating that Chp1-1/3’s RNA binding was likely
mediated by the CD. Within the Chp1-2/3 fragment, a central
312-407 region corresponding to the putative RRM was
confirmed to be responsible and required for the RNA binding
observed for this fragment (Figures S1A and S1B). These results
suggested that Chp1 binds to single-stranded RNA via at least
two distinct domains, the N-terminal CD and the central RRM.

Among Four H3K9me-Recognizing S. pombe CDs,

Only Chp1-CD Shows RNA-Binding Activity

The assembly of fission yeast heterochromatin requires three CD
proteins in addition to Chp1, namely, H3K9 methyltransferase
Clr4 and the HP1 proteins Swi6 and Chp2 (Figure 1F). To deter-
mine whether CDs other than Chp1-CD can also bind RNA, the
CD region of each of these proteins was produced as a GST-
fusion protein and subjected to the EMSA (Figures 1G and 1H).
Chp1-CD clearly bound cen RNA, but the other CDs did not.
This result suggested that the RNA-binding activity is associated
with only a subset of CDs, and that this RNA binding is linked
specifically with Chp1 function in RNAi-directed heterochro-
matin assembly. Due to this observed unique function of the
Chp1-CD, the biological importance of its RNA-binding activity
was investigated in further detail.

Chp1-CD Binds to RNA without Any Particular Sequence
Specificity

It has been proposed that centromeric transcripts fold in part into
a double-stranded secondary structure (Djupedal et al., 2009). To
gaininsight into the type of sequences that are targeted by Chp1-
CD’s RNA-binding activity, we prepared a series of truncated
RNAs differing in length and position within the original cen RNA
(Figure S1C) and subjected them to the RNA EMSA. Although
Chp1-CD showed a slightly higher affinity for longer transcripts,
it was able to bind all the in vitro-transcribed RNAs ranging in
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Figure 1. The Chp1 Chromodomain Binds RNA

(A) Schematic of recombinant Chp1 proteins used in the electrophoretic-mobility shift assay (EMSA): full-length Chp1 (Chp1-full); truncated Chp1 containing
the N-terminus (Chp1-1/3), middle part (Chp1-2/3), or C terminus (Chp1-3/3); and Chp1 chromodomain (Chp1-CD). The chromodomain (CD) and a putative RNA
recognition motif (RRM) are indicated by black and gray boxes, respectively.

(B) Recombinant proteins used in (C) were resolved by 17% SDS-PAGE and visualized by Coomassie staining.

(C) EMSA using FLAG-tagged, full-length Chp1 (FLAG-Chp1-full) and GST-fused recombinant proteins. A 3?P-labeled, 376 nt single-stranded RNA corre-
sponding to the centromeric dh repeat was used as probe. Mock: a reaction lacking recombinant proteins. GST alone was used as a negative control.

(D) Schematic of the truncated recombinant Chp1 proteins used in (E).

(E) EMSA using GST-fused truncated Chp1 proteins or GST alone.

(F) Schematic of four chromodomain proteins: Chp1, Chp2, Swi6, and Clr4. Black and light gray boxes in Chp2 and Swi6 represent the conserved chromodomain
(CD) and the chromoshadow domain (CSD), respectively. A dark gray box in CIr4 represents the SET domain.

(G) Proteins used in (H).

(H) EMSA using GST-fused recombinant CDs of Chp1, Chp2, Swi6, and Clr4 or of GST alone.
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Figure 2. Identification of Residues
Required for Chp1-CD to Bind RNA

231 (A) Chromodomain alignment of Chp1, Chp2,
Swi6, and Clr4. Three yellow boxes indicate resi-
dues that form aromatic pockets that recognize
K9 methylated histone H3 (Jacobs and Khor-
asanizadeh, 2002). Amino acids are represented
by colors indicating the chemical nature of the side
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length from 75 to 376 nt (Figure S1D and data not shown). In addi-
tion, Chp1-CD bound to single-strand RNAs corresponding to the
ura4” transcript and antisense RNAs of the original cen RNA
(Figure S1E and data not shown). Although we could not rule
out the possibility that Chp1-CD recognizes partially structured
RNAs, these results suggested that Chp1-CD binds to RNA
without any preference for particular structures or sequences.

To investigate whether Chp1-CD could also bind to DNA, we
next examined single-stranded (ssDNA) and double-stranded
DNA (dsDNA) corresponding to centromeric repeats. While
Chp1-1/3 and Chp1-2/3 were able to bind both ssDNA and
dsDNA, the Chp1-CD fragment did not bind to ssDNA and
bound only negligibly to dsDNA (Figure S1F). These results sug-
gested that Chp1-CD preferentially binds single-stranded RNA
transcripts.

Residues Involved in Chp1-CD’s RNA Binding Are
Distinct from Those Required for H3K9me Recognition
To understand the biological implications of Chp1-CD’s RNA
binding, the CD residues essential for the RNA-binding activity

4 Molecular Cell 47, 1-14, July 27, 2012 ©2012 Elsevier Inc.

A45E, WY/DPS, and E55S). A further
two Chp1-CD mutants contained Ala
substitutions at the highly conserved W44A and W54A (Fig-
ure 2B). W44 is one of three hydrophobic residues required for
recognizing K9-methylated histone H3 (Figure 2A) (Jacobs and
Khorasanizadeh, 2002). An EMSA demonstrated that the two
Chp1-CD mutants with N38Y and WY/DPS lost the ability to
bind RNA (Figure 2D), indicating that residues N38, W49, and
Y50 are critical for Chp1-CD to bind RNA. In contrast, other
Chp1-CD mutants bound to cen RNA with somewhat higher
affinities than shown by wild-type (WT) Chp1-CD (Figure 2D).
To further investigate the relationship between Chp1-CD’s
H3K9me and RNA binding, we conducted a peptide pull-down
assay to test the mutated CDs’ ability to bind to H3K9me (Fig-
ure 2E). In this assay, wild-type Chp1-CD bound strongly to
H3K9me3 peptide but only negligibly to unmodified H3 peptides
(Figure 2E, WT). Consistent with a previous report (Schalch et al.,
2009), Swi6-CD’s binding to H3K9me3 peptide was weaker than
that of Chp1-CD. The altered Chp1-CDs that lost RNA-binding
ability (N38Y and WY/DPS) were found to still retain the
H3K9me peptide-binding activity similar to that of WT (Figure 2E).
This was confirmed by isothermal titration calorimetry (ITC) that
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showed Chp1-CD-N38Y and Chp1-CD-WY/DPS had H3K9me3-
binding affinities comparable to that of Chp1-CD-WT (Figures
S2A-S2C and S2G). In contrast, the three other mutants
W44A, W54A, and E55S that all had strong RNA-binding activity
(Figure 2D) were not able to bind H3K9me3 (Figures 2E and S2D).
These results suggested that residues involved in Chp1-CD’s
RNA binding are distinct from those required for H3K9me
recognition.

H3K9me Enhances Chp1-CD RNA- and DNA-Binding
Activity

To determine whether Chp1-CD binds simultaneously to RNA
and H3K9me, unmodified H3 or H3K9me2 peptide were next
included in the EMSA (Figure 3). In this assay, the H3K9me2
was used because it is a preferential heterochromatin mark
in vivo. The addition of H3K9me2 peptide, but not of unmodified
H3 peptide, led to a supershift of the original band formed by cen
RNA and Chp1-CD-WT (Figure 3A). This supershift was not
observed in the assay using H3K9me-binding-deficient Chp1-
CD-W44A (Figure 3B), suggesting that Chp1-CD was able to
form a ternary complex with H3K9me and RNA. The addition
of unmodified H3 peptide appeared to exert a negative effect
on Chp1-CD RNA binding (Figure 3A). Since Chp1-CD did not
bind to unmodified H3 peptide (Figure 2E), this was likely due
to an electrostatic interaction between unmodified H3 peptide
and the RNA probe that inhibited the ability of Chp1-CD-WT to
bind to probe.

Intriguingly, the addition of H3K9me2 peptide appeared to
enhance Chp1-CD-WT binding of RNA (Figure 3A, see free cen
RNA probe). Furthermore, two mutants without RNA-binding
activity, N38Y and WY/DPS (Figure 2D), acquired the ability to
bind RNA when H3K9me2 peptide was present (Figures 3C
and S3A). These results suggested that while free Chp1-CD is
able to bind RNA, additional interaction with H3K9me changes
its RNA-binding properties.

Chp1-CD RNA-binding activity was further examined by titra-
tion EMSA analyses (Figures 3E, 3F, S3B, and S3C). Free Chp1-
CD bound RNA with an affinity of Kp = 3.85 + 0.33 uM, which was
slightly weaker than that of the Chp1-2/3 containing RRM (Kp =
1.97 + 0.02 uM). Notably, H3K9me2-bound Chp1-CD showed
nearly ten times stronger affinity (Kp = 0.37 + 0.01 uM) (Figures
3E, 3F, and S3C). Unexpectedly, H3K9me2-bound Chp1-CD
also showed strong affinity for ssDNA and dsDNA (Figure 3D).
Titration analyses revealed that the binding affinity for dsDNA
was almost comparable to that for RNA (Kp = 0.37 + 0.02 uM)
(Figures 3E, 3F, and S3C). These results suggested that Chp1-
CD could interact with both RNA and DNA when bound to
H3K9me, and imply that this induced activity contributes to
stable chromatin binding of Chp1 in establishing centromeric
heterochromatin. It seems likely that free Chp1-CD changes its
structure upon binding to H3K9me in a manner that offers addi-
tional interfaces for interacting with RNA and DNA.

Basic Residues in Chp1-CD’s C-Terminal «-Helix Are
Involved in the Induced RNA- and DNA-Binding

To investigate how Chp1-CD binds to RNA and DNA, 'SN-
labeled and "N, '*C-labeled Chp1-CDs (residues 1-75) were
produced and monitored by conventional multidimensional

NMR methods (Figures S4A and S4B). While W49 and Y50
were determined to be critical for free Chp1-CD to bind RNA
(Figure 2D), the corresponding region (G46-N52) could not be
assigned in the NMR analysis (Figure S4C), probably due to its
structural flexibility. In addition, only a weak chemical shift was
observed for N38 when cen RNA was present (Figure S4C). It
is possible that N38 may indirectly affect the RNA binding of
free Chp1-CD.

To gain further insight into the mechanisms underlying Chp1-
CD'’s binding of RNA and DNA, we next examined its solution
structure in complex with H3K9me3 peptide (residues 1-18)
(Figures 4A and S4E-S4G and Table 1). The overall architecture
of Chp1-CD determined by this NMR analysis in the absence of
RNA could be superimposed on the previously determined
crystal structure of Chp1-CD (residues 9-76) bound to
H3K9me3 peptide (residues 1-16) (Schalch et al., 2009). The
root-mean-square-deviations (RMSDs) of the backbone heavy
atoms between NMR and crystal structure were 1.60 A for
19-73 amino acids and 0.69 A for 20-32, 38-44, and 52-73
amino acids. The NMR analysis also revealed the presence of
a small 3" helix formed by residues 17-20 (Figure 4A). Adding
75 nt cen RNA led to a chemical shift of amide protons for resi-
dues within both this 3'° helix and in a C-terminal a-helix
composed of residues 62-75 (Figures 4A, indicated in red, and
S4B and S4D). The N-terminal 3 helix contributes to form an
acidic surface, whereas the C-terminal «-helix contains a stretch
of basic amino acid residues and forms a positively charged
surface with the N-terminal residues of the bound H3K9me
peptide (Figure 4B). This positively charged surface appeared
unique to Chp1; no such charged domain was found for free
Swi6-CD determined by NMR analysis (Figure 4C).

Amino acid substitutions were next introduced within the posi-
tively charged C-terminal a-helix surface to examine whether it
was involved in the RNA binding by Chp1-CD complexed with
H3K9me (Figure 4D and 4E). To maintain the overall Chp1-CD
structure, conserved hydrophobic residues (V66, L67, and
W?70) were not changed, and only basic residues were replaced
with residues corresponding to those in Swi6-CD (Figure 4D,
amut1 and emut2). The same amino acid substitutions were also
introduced into the Chp1-CD-N38Y and Chp1-CD-WY/DPS
constructs, which were able to bind RNA when H3K9me2 was
present (Figures 3C and S3A). As shown in Figures 3 and S3A,
Chp1-CD-WT, Chp1-CD-N38Y, and Chp1-CD-WY/DPS bound
to RNA in the presence of H3K9me2 peptides (Figure 4F).
Notably, however, the addition of either the amut1 or amut2
mutation to these CDs completely abolished their RNA-binding
activity (Figure 4F). The effect of amut2 was almost the same as
that of amut1, indicating that the distal five residues (K71-K75)
play an essential role in the H3K9me-bound Chp1-CD’s binding
of RNA. Mutant Chp1-CD with amut1 also failed to bind ssDNA
or dsDNA even in the presence of H3K9me2 peptide (data not
shown). These results suggested that the C-terminal a«-helix
was involved in the induced RNA- and DNA-binding activity of
Chp1-CD. It was unlikely that impaired RNA- and DNA-binding
activity of Chp1-CD was simply due to C-terminal o-helix muta-
tions severely affecting H3K9me binding, since Chp1-CD con-
taining amut1 or amut2 was able to bind to H3K9me3 with an
affinity comparable to that of Chp1-CD-WT (Figures 4G and S2E).

Molecular Cell 47, 1-14, July 27, 2012 ©2012 Elsevier Inc. 5
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Figure 3. H3K9me Changes the Nucleic Acid-Binding Activity of the Chp1-CD
(A-C) EMSA using GST-fused wild-type Chp1-CD (A), Chp1-CD-W44A (B), or Chp1-CD-N38Y (C). Each CD protein (50 pmol) was incubated with 32P-labeled,
cen-dh single-stranded RNA (ssRNA) (75 nt) in the presence or absence of the indicated molar masses (0.5-50 pmol) of unmodified or K9-dimethylated histone

H3 (H3K9me2) peptide (1-20 aa).

(D) EMSA using GST-fused wild-type Chp1-CD and various DNA probes. Chp1-CD protein (50 pmol) was examined in the presence or absence of an equal molar

mass of H3K9me2 peptide.

(E) Binding isotherm; the ratios of the bound nucleic acid probes determined by titration EMSAs (Figure S3) are plotted against the concentrations of the free or
H3K9me2-bound GST-Chp1-CD or GST-Chp1-2/3. The data were fit to the Hill equation to yield the apparent dissociation constants.

(F) The dissociation constants measured by titration EMSAs.

Chp1-CD RNA- and DNA-Binding Is Required for Chp1’s
Silencing Function

To investigate the role of nucleic acid binding in Chp1 func-
tion in vivo, the above mutant Chp1 proteins were expressed
from the endogenous chp1™ locus, and their effects on centro-

6 Molecular Cell 47, 1-14, July 27, 2012 ©2012 Elsevier Inc.

meric otr1R::ura4” silencing was examined (Figure 5A) together
with their centromeric association (Figures 6A and S6A). Immu-
noblotting assays showed that the Chp1 mutant protein levels
were comparable to, or slightly higher than, that of wild-type
Chp1 (Figure S5).
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A Chp1-CD + H3K9me3 peptide B Figure 4. Basic Residues in Chp1-CD’s
C-Terminal a-Helix Are Involved in Binding

RNA
H3K9me3 17 (A and B) The 3D NMR structure of Chp1-CD in
peptide ™\ 3% helix complex with H3K9me3 peptide, depicted as

a ribbon diagram (A) and surface-colored by
Poisson-Boltzmann electrostatic potential (B).
Residues with a chemical shift difference (Ad)
greater than 0.035 upon the addition of cen-dh
RNA (75 nt) (see Figure S6D) are indicated in red
(A). Surfaces with positive (blue) and negative (red)
electrostatic potential are indicated (B).

(C) The 3D NMR structure of free Swi6-CD, de-
picted as a ribbon diagram (left) and surface-
colored (right).

(D) Alignment of wild-type and mutant Chp1-CDs
and Swi6-CD. Red asterisks indicate amino acid
residues showing greater chemical shifts in the
NMR analysis when cen RNA was added. The
position of additional amino acid substitutions in
the C-terminal a-helix are underlined in red. Resi-
dues are highlighted and colored as in Figure 2A.
(E) Proteins used in (F) and (G) were resolved by
17% SDS-PAGE and visualized by Coomassie
staining.

(F) EMSAs of wild-type and mutant Chp1CDs.
Wild-type and mutant Chp1-CD and their deriva-
tive mutants with amut1 or amut2 were examined
in the presence (+) or absence (—) of an equimolar
amount of H3K9me2 peptide (1-20 aa). The

C Free Swi6-CD

D asterisk indicates a band shift induced by adding
1 p2 f3 o H3K9me2 peptide.
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Swi6-CD 79 DEYVVEKVLKHRMARKGGGYEYLLKWEGYDDPSDNTWSSEADCSGCKOLIEAYWNEHG- 136

E GST-Chp1-CD G centromeric regions (Figures 6A and

H3K9me3 H3 unmod.

= N38Y _WY/DPS & S6A), suggesting that free Chp1-CD’s

EY x % £ g RNA-binding activity has only a minor

wa =55 -55 -E6 ul P .H.- I role in maintaining centromeric hetero-
iy amutl |- -||-- | chromatin. In contrast, mutant cells ex-

37+ — '- -| |.- | p.ressi.ng Chp1-W44A displayed a clgar

| — —— . — o — silencing defect (Figure 5A), and its

25 centromeric association was also abro-
Coomassie gated (Figures 6A and S6A). In addition,

E H3K9me2 and Swi6 localization at
5 GST—Chp1-CD GSTChp1 CD-N38Y GST—Chp1-CD WY/DPS otr1R::ura4* region was severely im-

z° 8 amut! amut2 amut! amut2 amut! amut2 paired in the Chp1-W44A-expressing

i mutant cells (Figures 6C and 6D) and
siRNAs were not efficiently produced

(Figure 6E), confirming the importance

of Chp1-CD H3K9me binding for its tar-

geting and heterochromatin assembly.

Since the interaction between mutant

C‘;’;F;B'A m Chp1 and Tas3 was maintained (Fig-
ure 6F), it was unlikely that the Chp1-CD

EMSA EMSA EMSA mutation affected RITS complex integrity.

Chp1 appeared to have some role in

Mutant cells expressing either Chp1-N38Y or Chp1-WY/DPS  stabilizing Tas3, as Tas3-TAP signals were hardly detected in
displayed silencing equivalent to that with wild-type Chp1 (Fig- lysates prepared form Achp1 cells (Figure 6F). Interestingly, intro-
ure 5A), and stable association of the mutant proteins with  duction of amut1 also caused defects in otr1R::ura4* silencing
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Table 1. Structural Statistics of the Chp1-CD/H3K9me3 and
Swi6-CD

Chp1-CD/H3K9me3 Swi6-CD

Total distance restraints 866 746

Short range (Ji-j| < 1) 473 443

Medium range (1 < |i-j| <5) 99 101

Long range (Ji-j| > = 5) 294 202

Hydrogen bonds 22 12

NOEs between protein 116 -

and peptide

Dihedral angle restraints®

d 50 48

v 50 48

Maximum and total constraint violations

Upper distance limits (A) 0.0051 + 0.0005 / 0.0034 + 0.0005 /
0.13 + 0.02 0.11 + 0.01

Lower distance limits (A) 0.0009 + 0.0008 0.0004 + 0.0006

van der Waals contacts (A) 0.15+0.04/ 0.10 £ 0.03/
32+0.2 1.5+£0.2

Torsion angle ranges (°) 0.5428 + 00611 / 0.3915 + 00819 /
2.96 + 0.26 2.02 + 0.53

Average QYANA target 0.50 + 0.0544 0.20 + 0.0293

function (A )°

Restraints statistics®

NOE violations > 0.5 A 0 =

Dihedral violations > 5° 0 -

CNS energies (Kcal/mol) ©

Etotal —3822.9 + 79.8 -

[ —230.4 +12.4 -

Eelec —4455.9 + 83.4 -

Average pairwise rmsd®:®

Backbone atoms (&) 0.63 + 0.14 0.56 + 0.08

Heavy atoms (A) 1.58 + 0.24 1.11 £ 0.10

Ramachandran plot statistics ¢

Residues in most favored 88.7 90.3

regions (%)

Residues in additional 11.3 9.7

allowed regions (%)

2Generated from program TALOS+.

PValues for ensemble of the 20 lowest structures out of 600 calculated.
°The statistics are obtained from an ensemble of 20 lowest-energy water-
refined structures.

%The Chp1-CD residues 17-73.

®The Swi6-CD residues 82-134.

As determined by the program PROCHECK-NMR.

(Figure 5A) and a decrease in the centromeric association of
mutant Chp1 (Figure 6B). This indicated that the nucleic acid-
binding activity associated with H3K9me-bound Chp1-CD is
required for proper targeting of Chp1 and its silencing function.

While the phenotype of amut1 mutant cells was similar to that
of W44A cells with regard to otr1R::ura4* expression (Figure 5A),
the phenotype of amut1 cells was more severe than that of W44A
in 5-fluoroorotic acid (FOA)-containing medium, implying that
the mechanisms underlying these silencing defects were

8 Molecular Cell 47, 1-14, July 27, 2012 ©2012 Elsevier Inc.
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different. Although there was little or no observable heterochro-
matic association for Chp1-W44A (Figure 6A), the silencing
defect of the Chp1-W44A cells was clearly milder than that of
Achp1 cells (Figure 5A, see FOA-resistant colonies). Given that
the W44A mutation abolished Chp1-CD’s H3K9me-binding
ability (Figures 2E and S2D), Chp1 probably retained partial
silencing function independently of H3K9me. To examine
whether free Chp1-CD’s RNA-binding activity was involved
with this partial functionality, we combined the W44A mutation
with the N38Y or WY/DPS amino acid substitutions and exam-
ined the silencing function of the resulting mutant Chp1 proteins
(Chp1-W44A,N38Y and Chp1-W44A,WY/DPS). The silencing
defect was more severe in cells expressing these Chp1 mutants
than in the original Chp1-W44A cells (Figure 5B). The fact that the
combined mutations show enhanced growth on -Ura plates and
increase in ura4” transcript levels compared to that of the single
W44A mutant is consistent with a role for the Chp1CD RNA-
binding activity in centromeric silencing. A similar additive effect
was observed by replacing the C-terminal basic residues of
Chp1-CD with those of Swi6-CD (Figure 5B, W44A,amutt),
which also abolished the free Chp1-CD’s ability to bind RNA (Fig-
ure 4F). Together, these results suggested that Chp1 can repress
centromeric transcripts without forming a stable interaction with
H3K9me and that free Chp1-CD’s RNA-binding ability also plays
arole in its silencing function.

CD and RRM Cooperate to Repress Centromeric
Transcripts

Although cells expressing Chp1ACD had clear silencing defects,
their otr1R::ura4* expression levels differed from those found in
chp1-deleted cells (Figures 5B and 5C). Since Chp1 might bind
to RNA via its central RRM, we next examined whether the
RRM might be involved in the remaining silencing function
of Chp1ACD. Deleting the central RRM did not noticeably
affect centromeric silencing (Figure 5C); however, deleting
the RRM and the CD had an additive effect (Figure 5C). Impor-
tantly, the otr1R::ura4* derepression state of cells expressing
Chp1ACDARRM was comparable to that of the 4chp1 null cells.
These results suggested that CD and RRM act cooperatively,
at least in Chp1’s silencing function when performed without
being stably bound to H3K9me.

RNA immunoprecipitation (RNA-IP) experiments have shown
an association between Chp1 and noncoding centromeric tran-
scripts (Motamedi et al., 2004, 2008). To directly test whether
CD or RRM is responsible for forming an association with centro-
meric transcripts, we conducted an RNA-IP assay for wild-type
and mutant Chp1. As previously noted, the centromeric (cen)
dh RNA was clearly enriched in the FLAG-Chp1-WT precipitate,
whereas it was only negligibly enriched in that of the untagged
control or Achp1 strains or when reverse transcription was
absent (Figure 6G). The N38Y and WY/DPS precipitates were
also highly enriched in cen dh RNA, although a slight reduction
of enrichment was observed for N38Y precipitates. This was
consistent with these Chp1 mutants showing silencing ability
comparable to that of wild-type Chp1 (Figure 5A) and associ-
ating stably with centromeric repeats (Figure 6A).

Strikingly, the centromeric dh transcript levels were greatly
reduced in the precipitates of W44A, amut1, or ACD (Figure 6G),
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Figure 5. Intrinsic Nucleic Acid-Binding Activities of Chp1-CD Are Required for Heterochromatic Silencing

(A-C) FLAG-tagged, wild-type and mutant Chp1 proteins were produced from the original chp1* locus. Spotting assays for otr1R::ura4* silencing are shown at
left; the Achp1 strain was used as a negative control. A serially diluted culture of each indicated strain was spotted onto nonselective medium (N/S), me-
diumcontaining 5FOA (FOA), or medium lacking uracil (-Ura) (left). Expression levels of the ura4™ silencing reporter were evaluated by gRT-PCR analyses (right).
Averages and standard deviations are shown of at least three independent biological repeats.

although they retained RRM, indicating that both the
Chp1-CD H3K9me-binding and intrinsic nucleic acid-binding
activities are required for Chp1’s efficient association with
centromeric transcripts. Although these mutant Chp1 proteins
appeared to retain partial silencing function via their intrinsic
RNA-binding activity (Figures 5B and 5C), their centromeric
transcript enrichment levels were comparable to those of
control Achp1 cells (Figure 6G). Direct associations between
Chp1 and centromeric transcript RNA at a site distant from chro-
matin might be difficult to detect with this RNA-IP assay, since
the assay relies on protein-protein crosslinking formed by
formaldehyde.

Considering that the centromeric dh transcript levels were
greatly reduced in the precipitates of ACD, it was likely that the
central RRM plays a minor role in associating Chp1 with centro-
meric transcripts. However, centromeric dh RNA enrichment
was also clearly reduced in the ARRM precipitates. This was

surprising, because cells expressing Chp1ARRM showed wild-
type silencing levels (Figure 6A) and Chp1ARRM robustly asso-
ciated with centromeric chromatin (Figure 6C). These results
suggested that although the RRM is required for Chp1 to asso-
ciate efficiently with centromeric transcripts, H3K9me binding
via the CD might play a dominant role in maintaining centromeric
silencing.

H3K9me-Bound Cir4-CD Also Binds RNA and DNA

In the initial RNA EMSA, Chp2-CD, Swi6-CD, and Clr4-CD failed
to bind cen RNA (Figure 1H). However, the above results for
Chp1-CD raised the possibility that these CDs might be able to
bind RNA or DNA when also bound to target histone tails. To
test this possibility, unmodified or H3K9me2 peptide was added
to RNA EMSAs for ClIr4-CD, Swi6-CD, and Chp2-CD. Notably,
the addition of H3K9me2 peptide conferred an RNA-binding
ability to CIr4-CD (Figure 7A), but it did not produce any

Molecular Cell 47, 1-14, July 27, 2012 ©2012 Elsevier Inc. 9
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Figure 6. Intrinsic Nucleic Acid-Binding Activities of Chp1-CD Are Required for Heterochromatin Assembly

(A-D) Chromatin immunoprecipitation (ChIP) assays showing Chp1 (A and B), H3K9me2 (C), and Swi6 (D) levels at centromeric otr1R::ura4* regions. Wild-type
cells without tagged Chp1 and Achp1 cells were used as controls. The otr1R::ura4* signal enrichment relative to the ura4DS/E signal enrichment in the ChIP
results were normalized to the whole-cell extract (WCE) signals, and are shown beneath each lane.

(E) Northern-blot analysis of centromeric siRNAs prepared form indicated strains. Loading control: U6 snRNA.

(F) The RITS complex in each indicated strain was purified by Tas3-TAP. Tas3-TAP and Chp1 proteins in precipitates were detected by western analysis using
aFLAG-M2 and oPAP antibodies.

(G) RNA immunoprecipitation (RNA-IP) experiments using strains expressing wild-type or mutant Chp1. RNAs isolated from the «FLAG M2-immunoprecipitated
fractions were subjected to qRT-PCR analysis using primers for the cen-dh transcript. PCR results of mock reactions without reverse transcription are also
shown. Averages and standard deviations are shown of at least three independent biological repeats.

observable change for Swi6- or Chp2-CD (Figure 7B and data suggested that the nucleic acid-binding ability is associated
not shown). In addition, CIr4-CD efficiently bound ssDNA and with a subset of CDs, and this difference may relate to the
dsDNA when bound to H3K9me2 (Figure S7A). These results  distinct functions of the CD proteins.

10 Molecular Cell 47, 1-14, July 27, 2012 ©2012 Elsevier Inc.
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Like Chp1-CD, CIr4-CD has a block of basic amino acid
residues in its C-terminal a-helix region (Figure 2A). To ex-
amine whether these basic residues (K58-R62) were involved
in Clr4-CD’s RNA binding, they were replaced with residues cor-
responding to Swi6-CD, and the mutant Clr4-CD (zmut) was
subjected to the RNA EMSA (Figures 7C, S7B, and S7C). Wild-
type CIr4-CD bound RNA in the presence of H3K9me2 peptide
(Figures 7A and 7C). This RNA binding was abolished in the
amut, suggesting that the C-terminal «-helix basic residues are
essential for Clr4-CD’s nucleic acid binding.

To examine whether CIr4-CD’s RNA-binding activity is
involved in Clr4 function in vivo, we expressed mutant Cir4
from the endogenous c/r4* locus and examined its effect on
centromeric otr1R::ura4* silencing. Immunoblotting assays
showed that the mutant Cir4 protein levels were comparable to
those of wild-type Cir4 (Figure S7D). Although the effect was
milder than that seen in Aclr4 cells, this mutation caused
enhanced growth on -Ura plates (Figure 7D), suggesting that
Clr4-CD’s C-terminal a-helix basic residues contribute to
Clr4’s silencing function and that Clr4-CD’s RNA-binding activity
might also be involved in its chromatin targeting.

To investigate the role of nucleic acid-binding activity in the
distinct function of CD proteins, a domain swapping experiment
was performed, by replacing the Swi6-CD with each of other
CDs (Figures 7E, S7E, and S7F). Mutant cells expressing chimeric
Swi6 containing Chp2-CD showed similar silencing function to
that of cells expressing wild-type Swi6. In contrast, mutant
cells expressing Swi6 with either Chp1-CD or ClIr4-CD exhibited
a failure to support silencing function (Figure 7E). These results
suggested that the CD does not merely function to interact with
H3K9me but directly provides a division of roles for CD proteins.

DISCUSSION

The chromodomain (CD) is a highly conserved protein module
that is critical for targeting proteins to their action sites in chro-
matin. CD’s best-known role is in binding to methylated histone
tails. However, the mechanisms behind CD’s various functions
remain unclear. The present study demonstrates that Chp1-
CD’s intrinsic nucleic acid-binding activity is required for hetero-
chromatin gene silencing in fission yeast.

In contrast to the three other H3K9me-recognizing S. pombe
CDs, Chp1-CD can bind RNA even in the absence of H3K9me.
This RNA-binding activity is likely to facilitate the targeting of
RNA for silencing through the RNAi pathway. Indeed, mutations
of the residues critical for free Chp1-CD’s binding of RNA added
to the silencing defect in the Chp1-W44A mutant, which is defi-
cient in H3K9me binding (Figure 5B). Given that heterochromatin
requires dynamic remodeling during the cell cycle (Chen et al.,
2008; Kloc et al., 2008), this RNA-binding ability may act as
a back-up system to reinforce the targeting of nascent tran-
scripts. We also demonstrated that Chp1’s central RRM cooper-
ates with its CD to silence centromeric transcripts. These results
suggest that the targeting of nascent transcripts by the RITS
complex is achieved by multiple interactions involving Chp1-
CD and RRM, and by the base-paring of Ago1-bound siRNAs.
As demonstrated by our titration EMSAs, the RNA-binding
affinity of free Chp1-CD is, however, apparently weaker than

that induced by binding to H3K9me2. In addition, H3K9me-
bound Chp1-CD shows a comparable binding affinity for dsDNA.
Thus, intrinsic nucleic-binding activity of Chp1-CD may act
primarily to stably bind to H3K9me-enriched chromatin.

The critical residues for free Chp1-CD’s nucleic acid binding
were determined by candidate mutational analyses (Figure 2).
However, the structural mechanisms by which Chp1 binds
RNA remain unclear. Our NMR data suggest that the region
including W49 and Y50 does not have a fixed structure and
that N38’s direct association with RNA was not observed in titra-
tion analyses (Figures S4A and S4C). Considering that mutant
Chp1-CDs deficient in H3K9me binding bound RNA more
strongly than did wild-type Chp1-CD (Figure 2D), free Chp1-
CD’s binding of RNA is linked with its structural flexibility, which
might be decreased by N38Y and WY/DPS mutations, but
conversely increased by W44A and other mutations.

H3K9me-bound Chp1-CD can also bind RNA and DNA via
a block of basic residues in its C-terminal a-helix. While struc-
tural information is limited, the manner of this binding appears
to be similar in Clr4-CD and Chp1-CD (Figures 7A and 7C). Muta-
tion analyses demonstrated that these nucleic acid-binding
activities are required for centromeric silencing (Figures 5A and
7D). Given that the histone tails and DNA wrapped around core
histones are located close to one another, nucleosomal or linker
DNA may be a substrate of H3K9me-bound Chp1-CD to
enhance its chromatin association. Alternatively, these activities
may serve to tether nascent transcripts to H3K9me-enriched
chromatin. A recent report showed that a mouse Pc protein,
Cbx7-CD, can bind to RNA (Bernstein et al., 2006) and that this
activity contributes to Cbx7’s function in regulating cellular
senescence (Yap et al., 2010). Although the site responsible for
RNA binding for Cbx7-CD is distinct from that of Chp1-CD
(Figures 4A and 4B), it is possible that the coordinated methyl-
ated histone-binding, DNA-binding, and RNA-binding activities
function similarly to establish higher-order chromatin in different
species of fission yeast and mammals.

A previous report showed that Chp1-CD has a higher affinity
than Swi6-CD for H3K9me (Schalch et al., 2009). On the other
hand, it has been proposed that the acetyl modification of
H3K4 (H3K4ac) switches the H3K9me-binding protein from
Chp1/Clr4 to Chp2/Swi6 (Xhemalce and Kouzarides, 2010). The
present study strongly suggests that CD proteins’ intrinsic
nucleic acid-binding activities are also critical properties sup-
porting the distinct functions of each CD (Figure 7E). Considering
that no intrinsic nucleic acid-binding activity was detected for
Swi6-CD or Chp2-CD, it appears to be attributable that this
activity is required for the initial establishment step, but is dis-
pensable for further maintaining processes. Since nucleic acid-
binding activity has been linked with the CD proteins of diverse
species (Akhtar et al., 2000; Bernstein et al., 2006; Shimojo
et al., 2008; Yap et al., 2010), this property may also contribute
to the distinct CD-protein functions in other biological processes.

EXPERIMENTAL PROCEDURES
Strains and Plasmids

To obtain strains expressing mutant Chp1, a portion of the chp1*-coding
region (—542 to +1722) was cloned into pBluescript with an ura4* marker
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Figure 7. The Nucleic Acid-Binding Activity of Each CD Protein Contributes to its Distinct Function

(A and B) EMSAs using GST-fused Clr4-CD (A) or Swi6-CD (B). Each CD protein (50 pmol) was examined as described in Figure 3.

(C) RNA EMSAs of wild-type and mutant Clr4-CDs. Wild-type (WT) and mutant (@mut1) CIr4-CDs were examined in the presence (+) or absence (—) of an
equimolar amount of H3K9m2 peptide (1-20 aa). Asterisks indicate band shift induced by adding H3K9me2 peptide.
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gene. Site-directed mutagenesis was used to introduce a BamHI restriction
site immediately after the ATG codon, and the DNA fragment for a 3xFLAG
epitope was inserted in the BamHI site. Each mutation or deletion was intro-
duced by site-directed mutagenesis. The resultant plasmids were cleaved
by Bglll and introduced into the original chp7* locus. To replace the wild-
type chp1* allele with the mutant chp1 allele, strains that had lost the ura4*
gene through internal homologous recombination were isolated using counter-
selective medium containing FOA. Strains harboring otr1R::ura4* were con-
structed using standard genetic crosses. For other details, see Supplemental
Experimental Procedures.

Antibodies

The following antibodies were used: peroxidase-conjugated anti-FLAG M2
(A8592; Sigma), anti-FLAG M2 affinity gel (Sigma), anti-TAT1 (kindly provided
by K. Gull, University of Oxford), and anti-H3K9me2 (Sadaie et al., 2004). Anti-
GST rabbit polyclonal antibodies were raised against recombinant GST. Anti-
serum was loaded into a column crosslinked with GST to obtain the antibodies.

RNA EMSAs

RNA EMSAs were performed as described previously (Bernstein et al., 2006;
lida et al., 2006) with some modifications. For details, see Supplemental
Experimental Procedures.

Silencing Assays and Reverse Transcription-PCR Analyses
Silencing assays and reverse transcription-PCR (RT-PCR) analyses were
performed as described previously (Sadaie et al., 2008).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) analysis was performed as described
previously (Sadaie et al., 2004, 2008). FLAG-tagged proteins were immunopre-
cipitated using anti-FLAG M2 affinity gel (Sigma). PCR products were sepa-
rated and analyzed on 10% polyacrylamide gels (ATTO).

ACCESSION NUMBERS

Protein Data Bank accession codes for the Chp1-CD/H3K9me3 complex and
the free Swi6-CD structures are 2RSN and 2RSO, respectively.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, two tables, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article online at doi:10.1016/j.molcel.2012.05.017.
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