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Conserved chromosomal HP1 proteins capable of binding to his-
tone H3 methylated at lysine 9 are believed to provide a dynamic
platform for the recruitment and/or spreading of various regula-
tory proteins involved in diverse chromosomal processes. The
fission yeast Schizosaccharomyces pombe HP1 family members
Chp2 and Swi6 are important for heterochromatin assembly and
transcriptional silencing, but their precise roles are not fully un-
derstood. Here, we show that Swi6 and Chp2 associate with
histone deacetylase (HDAC) protein complexes containing class I
HDAC Clr6 and class II HDAC Clr3 (a component of Snf2/HDAC
repressor complex), which are critical for transcriptional silencing
of centromeric repeats targeted by the heterochromatin machin-
ery. Mapping of RNA polymerase (Pol) II distribution in single and
double mutant backgrounds revealed that Swi6 and Chp2 proteins
and their associated HDAC complexes have overlapping functions
in limiting Pol II occupancy across pericentromeric heterochromatin
domains. The purified Swi6 fraction also contains factors involved
in various chromosomal processes such as chromatin remodeling
and DNA replication. Also, Swi6 copurifies with Mis4 protein, a
cohesin loading factor essential for sister chromatid cohesion, and
with centromere-specific histone H3 variant CENP-A, which is
incorporated into chromatin in a heterochromatin-dependent
manner. These analyses suggest that among other functions, HP1
proteins associate with chromatin-modifying factors that in turn
cooperate to assemble repressive chromatin; thus, precluding ac-
cessibility of underlying DNA sequences to transcriptional
machinery.
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H igher eukaryotic genomes contain large amounts of repet-
itive DNA elements, including satellite repeats, transpos-

able elements, and their truncated derivatives. These sequences
are major targets for the assembly of heterochromatin structures
(1–4). The assembly of heterochromatin involves a complex
array of histone modifications. In particular, heterochromatic
regions are characterized by hypoacetylation of histones, and
methylation of histone H3 at lysine 9 (H3K9me) (1, 5, 6).
H3K9me has an important role in targeting HP1 family proteins
that bind to methylated H3 tail via their amino-terminal chro-
modomain (7–10). HP1 proteins also contain a carboxy-terminal
chromoshadow domain that is critical for their dimerization and
interactions with diverse factors (11–13). Indeed, HP1 proteins
contribute to diverse chromosomal processes, including silencing
of target loci, proper segregation of chromosomes, and devel-
opmentally controlled long-range chromatin interactions (1).
Also, heterochromatin prohibits illegitimate recombination at
the repetitive DNA elements; thus, promoting genome stability
(1, 14, 15).

In addition to their roles in the formation of repressive
chromatin, HP1 proteins have also been found to associate with
a subset of transcribed genes (16, 17). H3K9me and HP1� are
enriched at coding regions of transcribed genes in mammalian
cells (18), and in Drosophila, HP1 localizes to actively transcribed

heat shock puffs in polytene chromosomes (19). The significance
of HP1 at transcribed loci remains largely unknown. It is possible
that HP1 serves to recruit/stabilize factors that promote either
polymerase (Pol) II transcription and/or processing of RNAs
(1). In this regard, it should be noted that most eukaryotes
contain multiple HP1 proteins that are believed to interact with
a distinct set of proteins involved in different aspects of chro-
matin biology (1, 2).

In Schizosaccharomyces pombe, H3K9me and HP1 proteins
localize to several sites, including loci within euchromatic do-
mains, but these factors are highly enriched at pericentromeric
regions, subtelomeres, and the silent mating-type locus (14).
Each of these loci contains dg and dh repeats, which are
transcribed by Pol II in a bidirectional manner, albeit at low
levels, and serve as RNAi-dependent heterochromatin nucle-
ation centers (1). Clr4/Suv39h methyltransferase responsible for
H3K9 methylation (9) is essential for localization of chromodo-
main proteins Chp1, Chp2, and Swi6 (9, 14, 20, 21), which in turn
are believed to mediate targeting of factors involved in different
aspects of heterochromatin assembly and functions (1). Chp1, a
component of the Argonaute (Ago1)-containing RNA-induced
transcriptional silencing (RITS) complex (21) tethers RNAi
machinery to heterochromatic loci, facilitating posttranscrip-
tional silencing of repeats in cis (1). Similarly, Chp2 and Swi6 are
required for localization of transcriptional silencing complex
SHREC [Snf2/histone deacetylase (HDAC) repressor complex],
which contains class II HDAC Clr3 and Snf2 ATPase Mit1
among other factors (22, 23). Swi6 also recruits a JmjC domain-
containing antisilencing protein Epe1, cohesin, and factors
involved in cell-type switching (1), and stabilizes chromatin
association of RNAi factors such as RNA-dependent RNA
polymerase (24).

Despite significant advances in our understanding of hetero-
chromatin assembly and functions, the full extent of factors
associated with HP1 proteins, in particular effectors that col-
laborate with these proteins to assemble repressive chromatin,
remains to be fully explored. Also, it has been argued that
heterochromatic silencing occurs largely because of posttran-
scriptional processing of transcripts, and that heterochromatin
has little or no effect on Pol II occupancy at the target loci (25,
26). In this article, we use a combination of biochemical and
genomics approaches to identify silencing complexes associated
with Chp2 and Swi6, and explore their comparative roles in the
silencing of heterochromatic repeat elements. Results presented
also suggest potential mechanisms for Swi6 role in cohesin
recruitment to chromatin, via its interaction with Mis4 cohesin
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loading factor, and for heterochromatin involvement in estab-
lishment of CENP-A chromatin.

Results
Effects of Different Heterochromatin Factors on Centromeric Silenc-
ing. Heterochromatic silencing in S. pombe involves both tran-
scriptional gene silencing (TGS) and posttranscriptional pro-
cessing of transcripts in cis (cis-PTGS) by the RNAi machinery
(1, 22). To explore the contributions of different factors to
heterochromatic silencing, we used high-density custom tiling
arrays containing probes corresponding alternatively to plus and
minus strands to perform strand-specific expression profiling at
centromere 2. Deletions of RNAi components Dcr1, Ago1, and
Chp1 (a RITS subunit) resulted in widespread up-regulation of
transcripts, including dg and dh repeat transcripts, at levels
comparable to clr4� cells (Fig. 1), in which loss of H3K9me
results in disruption of heterochromatin (9). Because RNAi
machinery is required for targeting H3K9me and its associated
factors involved in transcriptional repression and processing
repeat transcripts (1), the observed up-regulation of transcripts
in RNAi mutants likely represents cumulative defects in both
cis-PTGS and TGS.

We next investigated the roles of Chp2 and Swi6 in hetero-
chromatic silencing. These factors largely act downstream of
H3K9me at centromeres (9, 20, 23). Compared with clr4�,
deletion of chp2 or swi6 resulted in a partial loss of centromeric
repeat silencing (Fig. 1). Levels of transcripts were generally
higher in chp2� than in swi6� cells (Fig. 1). Because both Chp2

and Swi6 are believed to mediate localization of repressor
complexes (22, 23), we tested whether the chp2�swi6� double
mutant would be more defective in silencing of centromeric
repeat loci. Indeed, the double mutant showed a cumulative
increase in the levels of repeat transcripts (Fig. 1).

Besides pericentromeric repeat transcripts, levels of tran-
scripts corresponding to tRNAs surrounding centromeres were
also affected, particularly in dcr1�, chp1�, and swi6� mutants
(Fig. 1). Therefore, centromeric tRNA genes are also likely
subject to RNAi and heterochromatic silencing.

Swi6 Associates with Mis4 Cohesin Loading Factor, CENP-A, and HDAC
Repressors. As mentioned above, Swi6 has been implicated in
diverse chromosomal functions (1). To gain further insight into
Swi6 functions, we performed tandem affinity purification
(TAP) using extracts from strain expressing amino-terminal
TAP-tagged Swi6 (TAP-Swi6). The fusion protein was expressed
under the control of its native promoter at levels comparable
with untagged Swi6, and was functional in silencing assays (Fig.
S1). Also, ChIP-chip analysis showed that TAP-Swi6 localizes to
heterochromatic loci at levels comparable to untagged Swi6 (Fig.
S1). MS analysis of purified samples identified several factors
specifically present in the TAP-Swi6 purified fraction (Fig. 2A).
These factors included proteins involved in heterochromatin
silencing, chromatin remodeling, RNA polymerase III transcrip-
tion, DNA replication, and RNA binding (Fig. 2 A and Fig. S2).

Fig. 1. Chp2 and Swi6 contribute cooperatively to heterochromatic silenc-
ing. Schematic representation of S. pombe right pericentromeric repeat re-
gion at cen2 (Upper) is shown, including part of the central core region (cnt2),
the innermost repeat (imr2R), and the outermost repeat (otr2R), which consist
of dh and dg repeat regions. The shaded box represents the heterochromatin
region covered by H3K9me and heterochromatin proteins. Expression profiles
in indicated strain backgrounds (Lower); cDNAs isolated from wt and mutant
strains were labeled and hybridized to high density microarrays containing
alternating forward and reverse strand 60-mer probes at every 50 nt. Expres-
sion ratios (mutant/wt) for forward strand (Left) and reverse strand (Right)
probes were plotted on a log2 scale. Note that, because of the repetitive
nature of centromeric probes, the observed expression changes represent
average values of centromeric repeat regions.

Fig. 2. Swi6 associates with the Clr6 HDAC, and factors involved in chromo-
some segregation. (A) Coomassie blue staining of TAP Swi6 from cells express-
ing amino-terminally TAP-tagged Swi6 and untagged Swi6 are shown. The
purified proteins were subjected to tandem MS (LC-MS/MS) analyses. The
identified nuclear proteins were sorted into functional groups, as indicated in
the table. (B and C) Fractions immunoprecipitated from indicated strains were
subjected to Western blot analyses by using �-HA antibody (12CA5) to detect
Cnp1-HA, �-myc antibody (9E10) to detect Mis4-myc or Mit1-myc (B) or
�-Alp13, and �-PstII and �-Clr6 antibodies (C) to detect Clr6 complex II. (D)
Expression profiling at the right pericentromeric repeat region of cen2 was
performed for the wild-type and alp13� cells. Expression ratios (mutant/wt)
for forward strand (Upper, red) and reverse strand (Lower, blue) probes were
plotted on a log2 scale.
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Many peptides corresponded to FACT subunits Spt16 and Pob3
(Fig. 2 A and Fig. S2) (27). Also, subunits of the INO80 (28) and
RSC (29) chromatin remodeling complexes, Snf2-related pro-
teins (such as Snf21 and Fft3), and a chromodomain helicase
DNA-binding (CHD) family remodeling factor Hrp1 (30) co-
purified with Swi6 (Fig. 2 A). Other notable proteins included
Sap1, which has a role in DNA replication and mating-type
switching (31, 32), telomere associated proteins (such as Ccq1
and Rap1) implicated in heterochromatin assembly (22, 33), and
components of the microtubule organizing center known as the
spindle pole body (SPB) (Fig. 2 A and Fig. S2).

Several peptides derived from core histones, as well as variant
histones, H2A.Z, and CENP-A (Cnp1) involved in chromosome
segregation, were also identified (Fig. 2 A). To explore whether
indeed Cnp1 copurifies with Swi6, we constructed a strain
expressing TAP-Swi6 and HA-tagged Cnp1 (Cnp1-HA). West-
ern blot analysis of purified fractions confirmed the presence of
Cnp1 specifically in the TAP-Swi6 purified fraction (Fig. 2B).
Another factor critical for chromosome segregation that copu-
rified with Swi6 is Mis4, implicated in the loading of cohesin
complex onto chromosomes (34, 35). This result has important
implications for understanding the mechanism linking Swi6 to
preferential loading of cohesin across heterochromatic domains
(Fig. S3A) (36, 37). To establish further interaction between
Swi6 and Mis4, we tagged Mis4 at its caboxy-terminus with myc
epitope (Mis4-myc), and performed coimmunoprecipitation
analysis. Mis4-myc was detected in the affinity-purified Swi6
fraction, whereas no band was visible in the control fraction
(Fig. 2B). Moreover, ChlP analyses showed that Mis4 was
preferentially enriched across pericentromeric heterochromatic
domains in wild-type cells but its localization was severely
affected in swi6� mutant (Fig. S3A), which was also defective in
cohesin (Rad21) recruitment to heterochromatic loci (Fig. S3A)
(36, 37).

We also identified peptides, albeit few, corresponding to
previously described Swi6-associated proteins, such as JmjC
protein Epe1 (38, 39), Hsk1-Dfp1 (40, 41), and Pcr1 involved in
heterochromatic silencing (42). Also detected were peptides
representing different subunits of SHREC (Fig. 2 A). The scar-
city of peptides derived from these proteins may be because of
their limited interactions with Swi6 at heterochromatic loci, or
because these interactions occur in a specific chromatin context.
Indeed, their interactions were significant as Swi6 was required
for Epe1 localization throughout a pericentromeric domain (Fig.
S3B). Also, Swi6 contributes to localization of SHREC at
heterochromatic loci (22, 23). Supporting the SHREC associa-
tion with Swi6, the Mit1 subunit of SHREC readily coimmuno-
precipitated with both TAP-Swi6 (Fig. 2B) and untagged Swi6
(Fig. S4).

Interestingly, we found that a previously characterized Clr6
HDAC complex, which was shown to have silencing activity (43),
also copurified with Swi6 (Fig. 2 A). Western blot analyses with
antibodies against Alp13, Pst2, and Clr6, 3 different subunits of
a Clr6-containing HDAC complex, confirmed their interactions
with Swi6 (Fig. 2C). These interactions are functionally impor-
tant, because loss of Alp13 causes up-regulation of transcripts
across the pericentromeric domain in a pattern similar to the
swi6� mutant (Fig. 2D). Based on these data, Swi6 associates
with various factors involved in diverse chromosomal functions,
including SHREC and Clr6 HDAC complexes implicated in
repression of heterochromatic repeats and euchromatic loci.

Chp2 Interacts with Clr3 HDAC-Containing SHREC. Chp2 and Swi6
contribute to the recruitment of SHREC to mediate transcrip-
tional silencing at heterochromatic loci (22, 23). Swi6 interacts
with the SHREC components (this study and ref. 23), but the
exact in vivo function of Chp2 in this process is not known. To
explore Chp2 function, we attempted to purify carboxyl terminal

TAP-tagged Chp2 (Chp2-TAP). However, we noticed that
tagged Chp2 was only partially functional in silencing assays (Fig.
S5). MS analysis of a limited number of peptides recovered from
Chp2-TAP purified fraction identified peptides matching the
Mit1 subunit of SHREC. To determine whether Mit1 indeed
interacts with Chp2, we generated rabbit polyclonal antibody
against full-length recombinant Chp2 (Fig. 3A) and used affinity-
purified antibody to perform immunoprecipitation. Our results
show that Mit1 coimmunoprecipitates with Chp2 (Fig. 3B). This
result, together with previous data (23), suggests that Chp2
physically associates with SHREC to mediate localization of this
repressor complex to heterochromatic loci. Consistent with this
view, ChIP-chip showed identical distribution patterns for Chp2
and SHREC components across the pericentromeric hetero-
chromatic domain (Fig. 3C), and loss of Chp2 affects hetero-
chromatic localization of Mit1 (Fig. 3D).

We next probed the extent to which SHREC contributes to
heterochromatic silencing as compared with Chp2. Mutation in
clr3, which encodes a catalytic subunit of SHREC, showed
up-regulation of both forward and reverse transcripts across the
pericentromeric domain, as we also observed in chp2� cells
(Figs. 1 and 4C). However, transcript levels were, in general,
higher in the clr3 mutant compared with chp2 mutant cells. In
particular, transcripts derived from a region corresponding to
the inner most (imr) repeat and its adjacent dh fragment showed
greater up-regulation in the clr3 mutant (Fig. 4C). Therefore,
SHREC has a Chp2-independent role in heterochromatic si-
lencing that may involve Swi6 and/or other factors capable of

Fig. 3. Chp2 interacts with SHREC. (A) The antibody specifically recognizes
Chp2 protein. Extracts prepared from wt and chp2� strains were analyzed by
Western blot analysis using �-Chp2 antibody. (B) Mit1, a component of the
SHREC interacts with Chp2. Extracts prepared from wt and chp2� cells ex-
pressing Myc-tagged Mit1 were immunoprecipitated using the �-Chp2 anti-
body. Immunoprecipitated (IP) fractions were analyzed by Western blot anal-
ysis using �-myc antibody. (C) Chp2 colocalizes with SHREC subunits.
Distribution profiles of indicated factors were determined by ChIP-chip. (D)
Chp2 dependent localization of Mit1 at centromeric repeats. Mit1-myc distri-
butions in wt or in chp2� backgrounds are shown. The probes are aligned to
correspond with the schematic representation below.

9000 � www.pnas.org�cgi�doi�10.1073�pnas.0813063106 Fischer et al.

http://www.pnas.org/cgi/data/0813063106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0813063106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0813063106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0813063106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0813063106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0813063106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0813063106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0813063106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0813063106/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0813063106/DCSupplemental/Supplemental_PDF#nameddest=SF5


recruiting this repressor to repeat loci. Consistent with Swi6
involvement, we note that the chp2�swi6� double mutant
showed enhanced accumulation of forward and reverse tran-
scripts corresponding to the imr heterochromatic region (Fig. 1).

Chp2 and Swi6 Cooperate to Limit Pol II Occupancy at Centromeric
Repeats. Based on the results presented above, both Chp2 and
Swi6 associate with HDAC silencing activities. Also, double
deletion of chp2 and swi6 causes cumulative increase in the levels
of centromeric repeat transcripts (Fig. 1). To determine the
contribution of Chp2 and Swi6 to heterochromatic transcrip-
tional repression, we performed ChIP-chip to investigate the
effects of their deletions on Pol II occupancy across a pericen-
tromeric heterochromatin domain. As compared with cells car-
rying deletion of clr4, which creates H3K9me binding sites for
HP1 proteins (9, 20) and strongly inhibits Pol II occupancy at
centromeric repeats (44), chp2� and swi6� mutants were only
partially defective in limiting Pol II occupancy at heterochro-
matic repeats (Fig. 4A). Both chp2� and swi6� mutant strains
showed similar levels of increased Pol II occupancy as compared
with wild-type cells, with the exception that chp2� cells displayed
relatively higher Pol II occupancy specifically at dg elements
(Fig. 4A). We also examined the chp2�swi6� double mutant for
Pol II levels across the pericentromeric heterochromatin do-
main. Interestingly, we observed a cumulative increase in Pol II
occupancy at centromeric repeats, to levels comparable with
those observed in the clr4� mutant (Fig. 4A). We conclude from
these data that Chp2 and Swi6, which largely act downstream of
H3K9 methylated by Clr4 at centromeres, cooperate to suppress
Pol II occupancy at heterochromatic repeats.

Clr3 and Clr6 HDACs Collaborate to Restrict Pol II Access to Hetero-
chromatin. The dramatic increase in Pol II levels observed in the
chp2�swi6� double mutant background led us to consider
whether their associated HDACs collaborate to inhibit Pol II
accessibility to repeat loci. Mutations in the catalytic sites of Clr3
(clr3-735) and Clr6 (clr6-1) (45) resulted in increased Pol II
occupancy at pericentromeric repeats (Fig. 4B). Relatively
higher Pol II levels were detected in the mutant clr3-735
compared with the clr6-1 mutant. We noticed that, compared
with clr4�, both clr3 and clr6 single mutants were only partially
defective in restricting Pol II access to heterochromatic repeats.
However, the clr3clr6 double mutant combination resulted in an
additive increase in Pol II levels at pericentromeric loci (Fig. 4B).
The levels of Pol II observed in the clr3clr6 double mutant were
similar to the levels displayed by the chp2�swi6� double mutant.
Together with the results presented above, these data suggest
that Chp2 and Swi6, and their interacting HDACs, cooperate to
restrict Pol II accessibility across pericentromeric regions.

To test whether loss of Clr3 and Clr6 HDACs results in
heterochromatic derepression to levels equivalent to
chp2�swi6� double mutants, we performed expression profiling
in single and double HDAC mutants. Compared with single clr3
or clr6 mutant cells, clr3clr6 double mutant cells displayed a
strong cumulative derepression of heterochromatic repeats
across the entire pericentromeric region (Fig. 4C). Also, tran-
script levels in the clr3clr6 mutant were similar to those observed
in both chp2�swi6� and clr4� mutant cells (Fig. 4C). We
conclude from these data that Chp2 and Swi6 proteins, which are
bound to H3K9 methylated by Clr4, collaborate with their
associated SHREC and Clr6 HDAC complexes to mediate TGS
at heterochromatic loci.

Fig. 4. Chp2 and Swi6 proteins and their associated HDACs collaborate to limit Pol II occupancy at pericentromeric heterochromatic repeats. (A) Chp2 and Swi6
cooperatively contribute in transcriptional silencing of the pericentromeric heterochromatin regions. Pol II distributions were determined by ChIP-chip analysis
in the indicated mutants and wt strains. Changes in Pol II occupancy in the mutants compared with wt (mutant/wt) were plotted on a log2 scale. (B) Clr3 and Clr6
cooperatively contribute to transcriptional silencing of the pericentromeric heterochromatin regions. Differential Pol II occupancy in indicated mutant strains
compared with wt strains (mutant/wt) were plotted on a log2 scale. (C) Expression profiles for the indicated strains, at the right pericentromeric repeat region
of cen2, are shown. Expression ratios (mutant/wt) for forward strand (Upper, red) and reverse strand (Lower, blue) probes were plotted on a log2 scale.
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Discussion
HP1 proteins bound to methylated H3K9 have important roles
in mediating various heterochromatin functions, including TGS
and chromosome segregation (1). In S. pombe, HP1 family
proteins Chp2 and Swi6 are critical for heterochromatic silencing
(46, 47), and both factors facilitate localization of SHREC, a
complex involved in TGS (13, 22, 23). However, the exact
contributions of these proteins, as well as their associations with
other factors involved in the assembly of repressive chromatin,
remain poorly understood. Here, we show that Swi6 associates
with a Clr6-containing HDAC complex that, along with SHREC
bound to Chp2, acts to preclude Pol II accessibility to hetero-
chromatin. Together with results showing that Swi6 and Chp2 act
downstream of H3K9me at centromeres (9, 20), these analyses
suggest that the distribution of HP1 proteins across heterochro-
matin domains (this study and refs. 13, 14) facilitates the
localization of repressive chromatin-modifying activities.

Clr6 has been shown to exist in at least 2 physically and
functionally distinct Sin3-HDAC complexes, referred to as com-
plex-I (Clr6 CI) and complex-II (Clr6 CII) (43). We found that
Swi6 interacts specifically with Clr6 CII, but not with Clr6 CI
(Fig. S4B). Among other factors, Clr6 CII contains Alp13, which
shares homology to mammalian MRG15, and a Sin3-related
protein PstII (Fig. 2C). This complex, which has been implicated
in the global protective function of chromatin, including DNA
damage protection and suppression of antisense transcription
(43), could be recruited to chromatin via histone modifications
established by Pol II-interacting proteins (48). However, association
of Clr6 CII with Swi6 might allow it to stably associate with
chromatin and/or act broadly across extended domains, to protect
against the detrimental effects of unwanted transcription of repet-
itive DNA elements. Indeed, loss of either Alp13 or Clr6 results in
derepression of the repeat elements present within pericentromeric
heterochromatin domains (Figs. 2D and 4C) (43, 49).

Both SHREC and Clr6 CII are required to efficiently inhibit
Pol II access to heterochromatin (Fig. 4). How do these activities
affect transcriptional silencing? Evidence suggests that silencing
requires HDAC and ATPase activities associated with the Clr3
and Mit1 subunits of SHREC (22). Also, Clr6 HDAC activity
contributes to heterochromatic silencing (43). Whereas Clr3
preferentially targets histone H3 lysine 14, Clr6 displays broad
substrate specificity for lysine residues on both histone H3 and
H4 tails (50). Deacetylation of histones by these activities may
prevent binding of factors such as SWI/SNF that remodel
chromatin to provide access to the transcriptional machinery
(51). Alternatively, HP1-associated Clr6 and SHREC complexes
might act together to remove acetyl groups from histones, and
to facilitate the proper positioning of nucleosomes required for
higher-order chromatin assembly (22, 23, 52). Considering that
hypoacetylated histones are a hallmark of heterochromatin in
most eukaryotes (5), and that HP1 interacts with HDAC and
chromatin remodeling factors in other organisms (53, 54), similar
mechanisms may exist in other species.

Apart from heterochromatic silencing, HP1 proteins have an
important role in proper segregation of chromosomes (1, 46). In
S. pombe, Swi6 is critical for preferential loading of cohesin to
heterochromatic loci (36, 37). Although Swi6 is believed to
directly recruit cohesin (37), the exact mechanism has remained
elusive. We show that Swi6 associates with Mis4 protein (Fig. 2),
essential for loading of cohesin complex onto chromosomes (34,
35). This interaction is functionally important, because Swi6 is
required for Mis4 localization across pericentromeric hetero-
chromatic domains (Fig. S3), and swi6� exacerbates cohesion
defects caused by the partial loss of function alleles of Mis4
cohesin-loading complex (34). Similar interaction between HP1
proteins and cohesin-loading factors may help explain hetero-
chromatin requirement for chromosome segregation in higher

eukaryotes. Our work also suggests a connection between Swi6
and centromere-specific histone H3 variant CENP-A. Consid-
ering that the S. pombe centromeres are organized into 3D
structures reminiscent of mammalian centromeres (55), Swi6
localized across pericentromeric regions may provide the base to
directly anchor CENP-A at the centromere core. Additional
efforts are needed to explore whether Swi6 directly interact with
CENP-A or cooperates with other CENP-A-associated factors.
Indeed, facilitates chromatin transcription (FACT) complex,
known to associate with CENP-A in mammals (56), copurifies
with Swi6. In either case, CENP-A association with Swi6 may
have implications for the recently described role of heterochro-
matin in CENP-A loading at centromeres (57, 58).

Swi6 purified fraction also contained factors implicated in a
wide range of chromosomal processes. Additional work is re-
quired to confirm their interaction with Swi6. Chromatin re-
modelling factors Ino80 and RSC might not be required for
silencing at heterochromatic loci, but it is possible that Swi6
partners with these factors to exert control over other chromo-
somal processes (41). While this work was under review, another
independent study described purifications of S. pombe HP1
proteins (59). The authors also demonstrated Chp2 associating
with SHREC to exert repressive influence on heterochromatic
repeats, and identified diverse set of proteins copurifying with
Swi6. However, certain Swi6-associated factors important for
TGS and genome stability were not identified. This disparity
could be because of limited interaction of factors such as Epe1,
Mis4, Hsk1-Dbf1, and HDACs with Swi6 in the context of
constitutive heterochromatin representing a small fraction of
total chromatin. Another difference is that Motamedi et al. (59)
purified Swi6 tagged at its carboxy-terminus, which contains the
chromoshadow domain implicated in dimerization and interac-
tions of HP1 proteins with other factors (11, 12). In this regard,
we note that amino-terminal TAP-tagged Swi6 purified in our
study is functional, and interacts with TGS and chromosome
segregation factors linked to heterochromatin biology. Also, our
analyses suggest that chromatin-modifying factors associated
with both Chp2 and Swi6 cooperate to assemble repressive
chromatin; thus, limiting Pol II accessibility to the target loci.

Materials and Methods
Yeast Strains. A strain expressing amino-terminal tagged TAP-Swi6, under the
control of its native promoter, was generated by inserting ura4� reporter at
the promoter region of the corresponding gene and then replacing ura4�

with the TAP-tagged swi6�. The chp2�-TAP, mit1�-myc, mis4�-myc, rad21�-
HA, epe1�-TAP, and deletions used were constructed by using the standard
PCR based module method (see also 22, 43). The clr6-1 and clr3-735 mutant
alleles have been described previously (45). Strain expressing Cnp1-HA was a
gift from M. Yanagida (Kyoto University, Kyoto).

Protein Purification. For purification of TAP-Swi6 or Chp2-TAP associated
proteins, cells harvested from 4-L cultures (OD595 2.5) were suspended in LB
buffer [50 mM Tris�HCl, pH 7.5/150 mM NaCl/1.5 mM MgCl2/0.15% (vol/vol)
Nonidet P-40/0.5 mM DTT] containing complete protease inhibitors (Roche)
and PMSF (1 mM). All subsequent steps were performed at 4 °C. Cells were
ground with 25 mL of glass beads by using a Pulverisette 6 system (Fritsch
Gmbh, Germany). Beads/lysate was transferred into a 50-mL syringe and
pressed into Falcon tubes. Cell debris was removed by centrifugation at
3,000 � g for 10 min, and lysate was cleared by centrifugation at 27,000 � g
for 1 h. The cleared lysate was incubated with 400 �L IgG Sepharose (Amer-
sham) for 2 h at 4 °C. Beads were washed by gravity flow-through with 20 mL
LB buffer, 10 mL LB � 5 mM EGTA buffer, followed by a final wash of 10 mL
LB buffer. Bound proteins were eluted from the beads by rocking overnight in
500 �L LB buffer containing 4 �g TEV protease (Invitrogen). The TEV eluate
was incubated with 300 �L calmodulin Sepharose (Amersham) in LB � 2 mM
CaCl2 buffer for 2 h at 4 °C. The calmodulin beads were washed with 20 mL
LB � 2 mM CaCl2 buffer. The bound proteins were eluted by 600 �L LB � 5 mM
EGTA buffer and precipitated by TCA. Purified samples were either resolved by
SDS/PAGE and visualized by Coomassie Blue staining or subjected to tandem
MS (LC-MS/MS) analyses. Western blot analyses of purified samples were
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performed by using previously described antibodies against Clr6, Alp13, and
PstII (43). Anti-Chp2 rabbit antibody was raised against purified full-length
recombinant Chp2 protein expressed in E. coli. The crude rabbit antisera were
affinity-purified by using NHS-activated HiTrap system (Amersham).

ChIP-chip. ChIP-chip using antibody against the largest subunit of Pol II
(8WG16; Covance), Swi6 (9), Mit1-myc (9E10; Santa Cruz), Epe1-TAP (IgG;
Amersham) or Chp2 (this study) were performed as described previously (14),
except microarray containing probes corresponding alternately to plus and
minus strands of cen2 at 50-bp resolution were used. Enrichment values were
corrected for nonspecific signals from control samples with the same antibod-
ies used to perform ChIP.

Expression Profiling. Total RNA was processed by using Invitrogen RiboMi-
nus Yeast kit to partly deplete ribosomal RNA before reverse transcription

step by using random hexamer and anchored oligodT primer mix; 3 �g of
RNA was labeled with SuperScript Indirect cDNA labeling kit (Invitrogen).
Labeled samples from mutant (Cy3) and wild type (Cy5) were mixed and
hybridized to the microarray described above. Data were extracted with
Agilent Feature Extraction Software. Expression ratios were calculated as
Cy5processed signal/Cy3processed signal. Background signal was esti-
mated as a median processed signal of 152 oligonucleotides with no
homology to the S. pombe genome.
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