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Abstract

Heterochromatin protein 1 (HP1) family proteins are conserved chromatin binding proteins involved in gene
silencing, chromosome packaging, and chromosome segregation. These proteins recognize histone H3 lysine 9
methylated tails via their chromodomain and recruit additional ligand proteins with diverse activities through their
dimerization domain, the chromoshadow domain. Species thathave HP1 proteins possess multiple paralogs that
perform non-overlapping roles in vivo. How different HP1 proteins, which are highly conserved, perform different
functions is not well understood. Here, we use the two Schizosaccharomyces pombe HP1 paralogs, Swi6 and
Chp2, as model systems to compare and contrast their biophysical properties. We find that Swié and Chp2 have
similar dimerization and oligomerization equilibria, and that Swi6é binds slightly (~3-fold) more strongly to
nucleosomes than Chp2. Furthermore, while Swi6 binding to the H3K9me3 mark is regulated by a previously
described auto-inhibition mechanism, the binding of Chp2 to the H3K9me3 mark is not analogously regulated. In
the context of chromoshadow domain interactions, we show using a newly identified peptide sequence from the
CIr3 histone deacetylase and a previously identified sequence from the protein Shugoshin that the Swi6
chromoshadow domain binds both ligands more strongly than the Chp2. Overall, our findings uncover
quantitative differences in how Swi6 and Chp2 interact with nucleosomal and non-nucleosomal ligands and
qualitative differences in how their assembly on nucleosomes is regulated. These findings provide a biochemical
framework to explain the varied functions of Chp2 and Swi6 in vivo.

© 2017 Elsevier Ltd. All rights reserved.

Introduction

Large regions of eukaryotic genomes are organized
into heterochromatin, which is generally inaccessible
to RNA polymerase and, therefore, is transcriptionally
silenced. In addition to gene silencing, heterochromatin
is also important for proper centromere function,
repression of recombination, sister chromatid cohe-
sion, and telomere stability [1—4]. One specific type of
heterochromatin is dependent on di- and tri-methylation
of histone H3 at lysine 9 (H3K9me2/3), and this type
of heterochromatin is conserved from fission yeast to
humans [5].

In the fission yeast Schizosaccharomyces pombe,
heterochromatin is assembled on pericentromeric
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repeats, subtelomeric regions, the silent mating
type locus, and rDNA [1]. Establishment and
maintenance of this silencing is dependent on
several proteins including the H3K9 methyltransfer-
ase Clr4, histone deacetylases such as CIr3, and
the heterochromatin protein 1 (HP1) family
proteins Swi6 and Chp2 [6—8]. HP1 proteins contain
two globular domains: an N-terminal chromodomain
(CD) that specifically recognizes H3K9me2/3 via
an aromatic cage and a C-terminal chromoshadow
domain (CSD) that dimerizes and recognizes
various binding partners. These structured domains
are connected by an unstructured, charged hinge
region (H) that nonspecifically binds DNA and
RNA [8-11].

J Mol Biol (2017) 429, 3666-3677


https://doi.org/

Roles of Heterochromatin Proteins Swi6 and Chp2

3667

Organisms that possess HP1 proteins generally
have multiple paralogs that perform non-overlapping
functions in vivo. For example, humans have three
HP1 paralogs: HP1a, HP1(3, and HP1y. HP1a and
HP1B localize to heterochromatic loci and are
involved in gene silencing. In contrast, HP1y localizes
to euchromatic regions and has roles in transcriptional
elongation and RNA processing [12—-15]. This
supports the idea that these proteins have evolved
to be general chromatin regulators involved in multiple
nuclear processes. In S. pombe, both Swi6 and Chp2
are involved in the regulation of silent, H3K9me2/
3-dependent heterochromatin, but they appear to
have different roles; neither protein is able to rescue
the loss of silencing phenotype in a deletion strain of
the other [8]. In addition, establishing de novo
heterochromatin by artificially recruiting the methyl-
transferase Clr4 requires Chp2 but not Swi6 [16].
Some of the differences in the biological roles of Swi6
and Chp2 could arise from differences in their intrinsic
biophysical properties. Previous biochemical work
identified an auto-inhibition based mechanism that
regulates the binding of Swi6 to the H3K9me mark.
This auto-inhibition arises because a loop with the
sequence ARK in one CD binds to the aromatic
cage of the CD in the other monomer. It is not known
if binding of Chp2 to the H3K9me mark is similarly
regulated. Swi6é and Chp2 are also known to have
different binding partners, and it is possible that
some of the biological differences can be explained
by different binding preferences. Published
immunoprecipitation mass spectrometry data showed
Swi6 associating with numerous nuclear proteins,
whereas Chp2 primarily pulled down components of
the Snf2/HDAC-containing repressor complex
[7,8,17]. By in vitro pulldown assays with full-length
proteins, it was shown that both Swié and Chp2
physically associate with the putative demethylase
Epe1 and the histone deacetylase CIr3, albeit with
different affinities [8]. In addition, Swi6, but not Chp2,
has been shown to bind the meiosis-specific protein
shugoshin (Sgo1), and the interacting region was
narrowed down by yeast two-hybrid [18].

To directly test if Swi6 and Chp2 display differ-
ences in ligand specificity, we compared the ability of
their CSD domains to bind specific sequences from
the Sgo1 and CIr3 proteins by NMR spectroscopy. In
addition, while much is known about the biochemical
and biophysical properties of Swi6, little is known
about the biophysical properties of the Chp2 para-
log. We therefore also compared the nucleosome
binding and oligomerization properties of Chp2
to those of Swi6. Together, these results indicate
substantial differences in ligand specificity between
Swi6 and Chp2 and suggest that Chp2 binding to
H3K9me nucleosomes is not subject to Swi6-like
auto-regulation. These intrinsic biophysical differ-
ences provide starting points to explain the different
biological roles of Chp2 and Swi6.

Results

The CSDs of Swi6 and Chp2 show specificity
differences for non-nucleosomal ligands

HP1 proteins have been proposed to act as platform
molecules that recruit diverse activities to heterochromatic
regions [1,17,19-22]. The best-characterized HP1 do-
main that is known to recruit non-nucleosomal ligands is
the CSD. Previously, the CSD domain of Drosophila
melanogaster HP1a was found to bind a “PXVXL”
consensus motif, and this motif was found in a number
of known HP1 interacting partners [23]. To date, the
binding motifs between different HP1 paralogs have not
been compared. The center position valine was originally
proposed to be strictly required, but a recent study has
proposed relaxing this motif to ®X(V/P)XP based on
binding of the human HP1 paralogs to a peptide from
histone H3, where ® denotes a-amino acids without
side-chain nitrogen or oxygen atoms [24]. In S. pombe,
one of the known binding partners of Swi6 is Sgo1, and
yeast two-hybrid experiments narrowed this interaction to
the CSD of Swi6 and a peptide in Sgo1 resembling
the ®X(V/P)X® motif, VCVCI. Mutations in either the
C-terminal extension (CTE) of the CSD of Swi6 (F324;
Fig. 1A, Supplemental Fig. 1A) or the VCVCI motif
abrogated this interaction [18]. To investigate whether
additional sequences beyond those described by
the OX(V/P)X® motif could be accommodated within
the CSD—-CSD interface, we performed phage display

with the CSDs of both Swi6 and Chp2.
We used a randomized nonapeptide library

presented on the pVIIl capsid protein of the filamentous
phage M13 to compare recognized motifs between
Swi6 and Chp2. We used Multiple EM for Motif
Elicitation analysis to discover sequence motifs in
the identified peptides [25]. Analysis of these motifs did
not strongly indicate specific residues at any position.
Rather, the results suggested a degenerate motif
skewed toward hydrophobic and aliphatic residues
(Supplemental Fig. 2A, B). We then searched the
S. pombe proteome for proteins containing this
degenerate motif, specifically focusing on known
physical and genetic interactors of Swi6 and Chp2.
We tested binding of 24 peptides from selected proteins
by fluorescence anisotropy. While the majority of the
peptides did not show binding at the highest Swi6
and Chp2 concentrations that we tested (900 pM),
we identified one binding partner for Swi6: a peptide
from the type Il histone deacetylase, CIr3. This
peptide is contained in the C-terminal region of ClIr3,
which appears unstructured in a recent crystal
structure of CIr3 (PDB ID: 5IKK) [26]. The sequence
of this peptide contains “LLHLL,” which is distinct from
the PXVXL motif and conforms to the ®X(V/P)X®
more loosely than the Sgol peptide. We then
compared affinities of Swié and Chp2 for the Sgo1
and CIr3 derived peptides.
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Fig. 1. (A) Domain schematic of Swi6é and Chp2 showing residue numbers and percent identity between the two
proteins. Mutants used in these studies are indicated. Sequence identities were calculated using EMBOSS Needle.
(B) Dissociation constants (Ky) for the Sgo1 peptide measured by fluorescence anisotropy. Experiments were carried out
in triplicate at room temperature. (C) (Left) A superimposition of "H-">N HSQC spectra of Swi6 CSD with (black) and
without (red) Sgo1 peptide. (Right) A zoom of a subset of CSPs. (D) '"H-'5N heteronuclear single quantum correlation
(HSQC) spectra overlay of residues F317 and E319 while being titrated by the CIr3 peptide. Concentrations of peptide
shown are 0 puM (red), 20 pM (orange), 80 uM (green), and 500 pM (blue). (E) The Swi6 CSD crystal structure colored by
CSP upon the addition of 2x molar ratio Sgo1 peptide (Top) and 5x molar ratio CIr3 peptide (Middle). Orange indicates
resonances that were broadened beyond detection upon peptide addition (PDB ID: 1E0B). (Bottom) The Swi6é CSD crystal
structure colored by shifts observed with Sgo1 peptide (purple), CIr3 peptide (blue), and both peptides (teal).
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To date, there is no evidence that Chp2 directly
interacts with Sgo1. To assess the binding of Swi6
and Chp2 to this region of Sgo1, we measured
binding to a peptide containing the “VCVCI”
sequence in Sgo1 using fluorescence anisotropy
(Fig. 1B). Swi6 bound to this Sgo1 peptide with a K4
of 6.6 + 2.1 yM. The Swi6é CSD alone bound the
peptide with the same Ky within error (9.8 = 1.4),
indicating that the major interaction of this peptide is
with the CSD. Consistent with previous studies,
saturable binding was not observed with a Swi6
CTE deletion even up to a concentration of 200 pM
[18]. In addition, the V to E mutation previously
tested by yeast two-hybrid greatly reduced Swi6
binding. In comparison, Chp2 bound 8.8-fold
weaker to the Sgo1 peptide with a Ky of 58.5 pM.

To examine the structural basis for this interaction,
we applied NMR spectroscopy. NMR is a powerful
tool for binding studies because of its sensitivity in
monitoring changes in the chemical environment of
amide bonds corresponding to the protein backbone
and side chains upon ligand binding. This allows us
to examine even weak protein—protein interactions
at high resolution and evaluate structural, thermo-
dynamic, and kinetic aspects of the binding reaction.
To this end, we first determined backbone assign-
ments for the Swié CSD using standard triple-reso-
nance methods and the NMRFAM PINE Server [27].

Following the backbone assignment of the CSD, we
performed '"H-'N HSQC NMR experiments with
Swi6 and Chp2 CSDs in the presence of unlabeled
Sgo1 peptide. Binding of the Sgo1 peptide showed
numerous chemical shift perturbations (CSPs) in the
Swié CSD (Fig. 1C, E; Supplemental Figs. 1A and
2C). Since the crystal structure of Swi6 CSD is
available (PDB ID: 1EOB) [10], we were able to map
the CSPs on the CSD structure and observe that they
localize to the dimer interface, regions flanking this
interface, and to residues in the CTE. The observed
localization in chemical shift changes along a cleft
formed by the CSD dimer is consistent with where
interacting peptides have been shown to bind in other
HP1 proteins [28-30]. Importantly, as previously
observed by yeast two-hybrid, mutating the peptide
motif to “VCECI” did not show any resonance changes
by NMR (Supplemental Fig. 2E). We next examined
binding of the Sgo1 peptide to the Chp2 CSD. In
contrast to the shifts observed with the Swié CSD,
resonances were predominantly broadened with the
addition of peptide to the Chp2 CSD (Supplemental
Fig. 3A). We observed some resonances that broaden
below detection at low peptide concentration and
reappear at a different chemical shift when a large
excess of peptide was added. This precluded
quantification of the Ky. The increased concentrations
required for saturation compared to Swi6 suggest a
weaker binding of the Sgo1 peptide to Chp2, which is
consistent with our fluorescent anisotropy binding
results (Fig. 1B).

We next analyzed the CIr3 peptide derived from
our phage display experiments. Both Swi6 and
Chp2 were previously shown to physically interact
with CIr3 by IP studies [8,31], but the region of CIr3
that interacts with Swi6 or Chp2 was not identified.
To characterize the interaction of the CIr3 Peptide
with Swié and Chp2, we again turned to 'H-"°N
HSQC NMR. Similar to binding of the Sgo1 peptide,
binding of this CIr3 peptide to Swi6 caused CSPs in
residues mapping to the dimer interface, the regions
flanking this interface, and the CTE (Fig. 1D, E;
Supplemental Fig. 2C). Similar to the Sgo1 peptide,
these residues overlay with the region known to
interact with binding partners. These results directly
demonstrate the specific region of CIr3 that physi-
cally interacts with Swi6. A Ky for this interaction
was obtained by performing a series of titrations
with increasing concentrations of CIr3 peptide. The
observed chemical shift changes were plotted as
a function of CIr3 concentration and fitted to a
hyperbolic function to determine a Ky 0f 68 = 15 uM,
roughly 10.2-fold weaker than the affinity for the
Sgo1 peptide (Fig. 1D, Supplemental Fig. 2D). This
comparison suggests that the binding motifs recog-
nized by HP1 proteins can be degenerate and that
these sequence differences can lead to a broad
range of binding affinities. Indeed, several CSD
residues in this binding region are uniquely per-
turbed by either the Sgo1 or CIr3 peptide, suggest-
ing that different regions of the CSD are used for
binding and this is dependent on ligand sequence
(Fig. 1E).

We next looked at the binding of the CIr3 peptide
to the CSD of Chp2 and performed titration
experiments with increasing concentration of pep-
tide. Similar to the addition of the Sgo1 peptide,
resonances broadened rather than shifted, indi-
cating intermediate exchange. Although the Ky
of this interaction cannot be reliably determined
because of the major broadening, we were able to
estimate the Ky by plotting the chemical shifts
changes of two resonances as a function of CIr3
concentration (Supplemental Fig. 3D). The prelim-
inary fit to a hyperbolic function indicates a Ky in
the high pM—low mM range. We also observed that
binding saturation was achieved at higher concen-
trations of CIr3 peptide with the Chp2 CSD as
compared to the Swi6 CSD. These observations
indicate that the Chp2 binding to the CIr3 peptide is
weaker than that of Swi6. Chp2 was previously
suggested to have a higher affinity for full-length
CIr3 compared to Swi6 by IP [8]. It is possible
that the weaker affinity of the peptide does not
recapitulate binding of the full-length proteins, and
that full-length Chp2 makes additional interactions
with ClIr3.

Together the results above suggest that differ-
ences in specificities of the Chp2 and Swié CSDs
may contribute to their different biological roles.
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Fig. 2. (A) Characterization of H3 tail peptide binding and nucleosome binding with full-length Swié and Chp2 by
fluorescence anisotropy. The 18-amino-acid H3 tail peptide was N-terminally fluorescein labeled and had bona fide
methylation at the K9 position. The nucleosomes were labeled on the 5’ end of the 601 DNA. H3Kc9me3 nucleosomes
were made by methyl lysine analog chemistry. All experiments were carried out in triplicate at room temperature.
(B) Characterization of the self-association properties of WT Chp2. All experiments were performed at 24 °C. Swi6
oligomerization values were previously reported in Canzio et al. [32].

Chp2 binding to the H3K9me3 mark is not
regulated by auto-inhibition

In addition to differences in binding
non-nucleosomal ligands, differences in interactions
with chromatin could further inform on the varied roles
of Chp2 and Swi6 in vivo. Previously, it was shown
that the CD alone of both Swi6 and Chp2 binds the
histone H3 lysine 9 trimethylation (H3K9me3) tail
peptide with affinities in the low pM range, although
Chp2 bound the peptide tighter [8]. However, a
detailed comparison of the interactions of full-length
Swi6 and Chp2 with both tail peptide and nucleo-
somes has not been performed. Comparisons with
full-length proteins are critical, especially considering
mechanisms such as the observed Swi6
auto-inhibited state that is not present in the CD
alone. The full-length Swi6 dimer has been shown to
exist in both an open, binding competent state and a
closed, auto-inhibited state [32]. This closed confor-
mation is stabilized roughly 10-fold over the open state
by an ARK loop in one CD binding to the aromatic
cage of the CD in the other monomer. As the
H3K9me3 peptide also binds in a similar location on
the CD, binding of the ARK loop is mutually exclusive
with binding to the H3 tail.

We wanted to determine if the Chp2 dimer also
adopts an auto-inhibited, closed state. The CDs of
Swi6 and Chp2 show a high degree of homology, with

a sequence identity of 53% and a sequence similarity
of 66.7%. Importantly, one of the sites of divergence in
sequence lies within the ARK loop of Swi6; Chp2
instead has a KKD sequence (Supplemental Fig. 1A).
It is possible that the presence of this acidic residue
prevents the domain swapping behavior of the Swi6
CD. For Swi6, the presence of auto-inhibition in the
Swi6 dimer was inferred, in part, by the finding that
disrupting dimerization via the CSD—CSD interface
resulted in increased binding for an H3K9me peptide
[32]. This is because disrupting the CSD-CSD
interface results predominantly in a monomer thereby
disrupting the ARK loop—CD interaction. To test if
Chp2 displays analogous auto-inhibition, we com-
pared the affinity of WT and Chp2 I370E, a mutant that
disrupts CSD dimerization, for H3K9me peptides. The
CSD mutant resulted in Chp2 being predominantly a
monomer up to 70 pM (data not shown), yet this
mutant bound the H3K9me peptide with comparable
affinity as the WT dimeric protein (Supplemental
Fig. 6A), suggesting the absence of a Swi6 like
auto-inhibitory mechanism in the WT Chp2 dimer.

In the context of Swi6, another way that auto-
inhibition was previously disabled was via mutating
the ARK loop [32]. This mutation increased the
affinity of Swi6 for the H3K9me3 tail peptides but
decreased the affinity for H3Kc9me3 nucleosomes
[32]. This is because the ARK loop plays two roles:
an auto-inhibitory role by directly competing with the
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Fig. 3. (A) Characterization of H3Kc9me3 core nucleosome binding with WT Swi6 and Chp2 as well as Swi6é and Chp2
dimerization mutants measured by fluorescence anisotropy. All experiments were carried out in triplicate at room
temperature. (B) Average calculated masses and theoretical masses for H3Kc9me3 nucleosomes alone, with WT Chp2,
and with Chp2 I1370E as determined by SV-AUC using a continuous function c(s) and an f/f, value of 1.6. (C) Model depicts
differences in roles between the HP1 paralogs Swi6 (rose) and Chp2 (aqua). Paralogs recruit different effectors to
chromatin due to differences in chromoshadow peptide specificity and affinity. An excess of unbound Swi6 is regulated as
an auto-inhibited conformation, whereas this does not exist in the lower abundant Chp2.
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H3K9me3 mark for binding the CD, and a
stabilizing role via interactions with the nucleo-
some once it is displaced from the CD by the
H3K9me3 mark [32]. Chp2 binds the H3K9me3 tail
peptide with a Ky of 1.85 pM, ~5.5-fold tighter than
Swi6 (Fig. 2A). The Swié ARK loop mutant binds
this peptide with a similar affinity to that of wild-type
Chp2, consistent with the idea that Chp2 does not
adopt an auto-inhibitory conformation [32]. Despite
the differences in affinity for the H3K9me3 tail
peptide, both Swi6 and Chp2 show substantial
specificity for the H3K9me3 mark as they both bind
the unmethylated H3 tail peptide at least 10-fold
more weakly than the H3K9me3 tail peptide (Fig.
2A).

We next asked how the specificity for the H3K9
methyl mark and affinity are affected in the context
of a nucleosome. To measure binding to nucleo-
somes, we used a previously developed fluores-
cence anisotropy based assay (Supplemental
Fig. 4) [32,33]. Similar to previous observations,
we found that Swi6 binds H3Kc9me3 nucleo-
somes more strongly (>90-fold) than unmethy-
lated nucleosomes (Fig. 2A). We further found that
Chp2 also binds H3Kc9me3 nucleosomes more
strongly than unmethylated nucleosomes (Fig. 2A,
>17-fold). These results indicate that like Swi6,
Chp2 also displays substantial specificity for
the H3K9 methyl mark in the context of nucleo-
somes. In terms of absolute affinity, Chp2 binds
H3Kc9me3 nucleosomes ~3-fold more weakly than
Swi6 (Ky =430 nM versus 130 nM, respectively).
This weaker binding is comparable to the affinity of the
Swi6 ARK loop mutant for H3Kc9me3 nucleosomes,
further consistent with the conclusion that Chp2 lacks
a Swi6-like auto-inhibition mechanism [32].

In previous work, negative stain electron mi-
croscopy (EM) of CFP-tagged Swi6 showed two-
dimensional (2D) class averages consistent with both
a closed, auto-inhibited conformation and an open,
spreading-competent conformation [32]. To see if
different conformation states of the Chp2 dimer
could be observed, we visualized Chp2 by negative
stain EM. A total of 1806 particles were manually
picked and 2D class averages were calculated
using RELION. The 2D class averages obtained are
consistent a single predominant state that appears
elongated (Supplemental Fig. 6). However, given
the low resolution of negative stain EM, we cannot
rule out the possibility that alternate conformations
exist that we cannot detect. Our attempts to obtain
corresponding EM data with untagged Swi6 were
inconclusive due to the smaller size of Swi6 dimers
(85.9 versus 74.4 kDa for Chp2 versus Swi6 dimers,
respectively).

Together, the tail peptide and nucleosome binding
results presented here are consistent with the lack of
a Swib-like auto-inhibition mechanism in the context
of Chp2.

The dimerization interfaces of Swié and Chp2
are important for nucleosome interactions

The affinity of both Swi6 and Chp2 for an
H3Kc9me3 nucleosome is 0.13 and 0.43 uM, respec-
tively (Fig. 2A). Therefore, Swi6 binds H3Kc9me3
nucleosomes ~77-fold tighter than H3K9me3 tail
peptide alone, and Chp2 binds H3Kc9me3 nucleo-
somes at least 4-fold tighter than for the H3K9me3
tail peptide alone. This suggests that regions of the
protein other than the CD are also important for
nucleosome binding. The hinge region of HP1
proteins has been shown to nonspecifically bind
both DNA and RNA [32,34], suggesting that this
region of Swi6é and Chp2 could bind the nucleosomal
DNA. It is possible that other domains recognize the
nucleosome as well. As mentioned in the first section,
the CSD dimer can interact with other proteins through
a cleft formed between the two monomers. To test
whether an intact CSD dimer is important for
nucleosome binding by Swié and Chp2, we measured
nucleosome binding using two mutants, Swi6é L315D
and Chp2 I370E, which substantially disrupt dimer-
ization [8,32,33]. Swi6 L315D and Chp2 I370E
displayed a 8.5-fold and 3-fold weaker Ky for mono-
nucleosomes, respectively (Fig. 3B). These data
suggest that an intact CSD—-CSD interface is impor-
tant for recognizing the nucleosome.

The dimerization and oligomerization equilibria
for Chp2 and Swi6 are similar

A core property of heterochromatin is its ability
to spread. It has been suggested that the spreading
of heterochromatin arises in part due to the
oligomerization of HP1 proteins [1,17,19,22,31,33].
Previous work using analytical ultracentrifugation
(AUC) has shown that Swi6 forms tight dimers
(Kgim <6 nM at 24 °C) and weak higher order
oligomers (Kiso = 151 pM at 24 °C) [32,33]. Similar
measurements have not been carried out with
Chp2, although previous qualitative comparisons
using elution over a size-exclusion column have
suggested that Chp2 is a weaker dimer than
Swi6 [8].

To quantify the self-association of Chp2, we used
sedimentation velocity AUC (SV-AUC). It is well
known that the dimerization of HP1 proteins is
mediated through the CSD, whereas it was previ-
ously shown that the tetramerization interface of
Swi6 is through the N-terminal CD [33]. Similar
to Swi6, Chp2 exhibits a tight association of
two monomers with a dissociation constant Kyim
of <8 nM at 24 °C. Further isodesmic association
of Chp2 dimers has a dissociation constant Kig, of
183 uM at 24 °C (Fig. 2A). A comparison at 37 °C
showed similar values for Kis, for Swié and Chp2 as
well as a comparable Kyim value for Chp2 (Fig. 2B,
Supplemental Fig. 5). Thus, overall, the dimerization
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and oligomerization equilibrium constants for Chp2
are comparable to those for Swi6.

Previously, it was shown by size-exclusion
chromatography that Chp2 elutes as two peaks,
with the slower peak corresponding to a monomer
[8]. Given that we find that the equilibrium constants
for dimerization are similar for Chp2 and Swi6, one
possibility is that the on and off rates of Chp2
monomers differ from those of Swi6, resulting in
Chp2 eluting as multiple peaks by SEC.

Chp2 binds nucleosomes with a stoichiometry
of 4:1 similar to Swi6

In addition to the intrinsic ability of Swi6 to
oligomerize, its stoichiometry on nucleosomes has
suggested models for how Swi6 molecules can
spread across chromatin. Specifically, previous
work using SV-AUC has shown that two Swi6
dimers bind a single nucleosome, leading to a
“sticky end” model in which Swi6 is able to bridge
adjacent nucleosomes [33]. As Chp2 is lower in
abundancein S. pombe[8] and seemsto have a less
significant role in heterochromatin spreading [8,16],
we wondered if only a single dimer of Chp2 binds a
mononucleosome.

To determine the stoichiometry of the Chp2:Nu-
cleosome complex, we used the same SV-AUC
approach used previously for assessing the stoichi-
ometry of the Swi6:Nucleosome complex [33]. We
performed SV-AUC with H3Kc9me3 nucleosomes
alone, with wild-type Chp2, and with Chp2 I370E,
a mutant that is unable to dimerize. Each exper-
iment was analyzed using a c(s) distribution with a
fixed frictional coefficient (f/f;) value as well as a
bimodal f/f, distribution, where the frictional coef-
ficient is a general measure of molecule shape.

These experiments showed that, analogous to
Swi6, four Chp2 molecules bind a single nucleo-
some implying two dimers of Chp2. Consistent
with this model, the Chp2 dimerization mutant
bound with a stoichiometry of 2:1. As was hypoth-
esized with Swi6, these data suggest that Chp2 may
also form “sticky ends” on mononucleosomes and
bridge adjacent nucleosomes.

Discussion

Although much is known about the biochemical
properties of individual HP1 proteins, less is known
about the biochemical differences between para-
logs and how these differences contribute to
non-overlapping roles in vivo. In order to under-
stand how paralogs vary in their intrinsic molecular
behaviors, we characterized the biophysical prop-
erties of S. pombe HP1 protein Chp2 in com-
parison with Swi6. Both proteins are involved
in H3K9me2/3-dependent heterochromatin, but

genetically have been shown to have non-
overlapping roles.

While the CSDs of Swi6 and Chp2 are homolo-
gous (40% sequence identity, 69% sequence
similarity), they have been shown to bind different
effector proteins. Indeed, one striking difference is
that chimeras swapping the CSDs of Swi6 and Chp2
result in a loss of silencing phenotype [8]. Here we
show that the Swi6 and Chp2 CSDs bind to peptides
from Sgo1 and CIr3, although the affinities vary.
Chp2, which is not known to bind Sgo1 in vivo, binds
6-fold more weakly to the Sgo1 peptide than Swi6.
In contrast to Sgo1, Chp2 has been suggested to
directly interact with CIr3, a histone deacetylase
involved in heterochromatin formation. However,
compared to Swi6, Chp2 binds the CIr3 peptide
at least 12-fold more weakly. It is possible that
additional interactions with the full-length CIr3
protein stabilize binding between Chp2 and CIr3
in vivo. Importantly, this work identifies a specific
region of CIr3 that directly interacts with Swié and
Chp2. Together, these data are also consistent with
recent studies that imply that the CSD binding motif
is more degenerate than the PXVXL motif identified
in early studies [23,24]. These recent studies have
suggested a relaxed motif of ®X(V/P)X®D [24]. We
speculate, given the peptides derived from our
study, that the S. pombe HP1 proteins may tolerate
additional deviations from the relaxed ®X(V/P)X®
motif. It is also possible that the preferred binding
motif differs across species. Furthermore, amino
acid differences between the CSDs of HP1 paralogs
within a species may also contribute to different
binding affinities for the same ligands. Such differ-
ences could explain in part why Swié and Chp2
interact with different proteins in vivo and in turn why
they have different biological functions.

We also find that Chp2 binds ~3-fold more weakly
to H3Kc9me3 nucleosomes than Swib. It is un-
known which portions of the Swi6 and Chp2 proteins
specifically lead to this small binding difference.
There are significant differences in sequence
between both the NTE and the hinge between
these proteins. It is known that the NTE of Swi6
contributes to histone H3 tail binding. The role of the
Chp2 NTE, which is roughly half the size of the
whole protein, is not known. In addition, we show
here and in previous work that dimerization of the
CSDs of both Swi6 and Chp2 is important for
nucleosome binding. This observation raises the
possibility that the CSD-CSD dimer interface that
interacts with non-nucleosomal ligands like CIr3
also plays a role in nucleosome binding. Indeed,
it has recently been shown that CSDs of human
HP1a, HP1B, and HP1y bind a peptide with the
sequence PGTVAL from the globular portion of
histone H3 with a Ky in the low pM range [24].
However, we find that the Swié CSD binds
this peptide with a substantially weaker affinity
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(Supplemental Fig. 3E; Kq>1 mM). It is thus
possible that the CSDs of Swi6 and Chp2 recognize
a different portion of the histone octamer. It is
also unclear if the same region of the CSD that
binds effector proteins also binds the nucleosome.
This leads to interesting possible mechanisms
with how Swi6 and Chp2 engage with the nucleo-
some and other proteins. For example, if the same
region binds both the nucleosome and effectors, the
CSD may not be able to simultaneously engage with
both substrates. In this context, the ~3-fold weaker
binding of Chp2 may make it slightly more prone
than Swi6 to dissociate from nucleosomes if its CSD
is bound by a non-nucleosomal ligand, raising the
possibility that Swi6 is better suited than Chp2 to act
as a platform for recruiting diverse activities while
remaining bound to chromatin.

Our data also suggest that Chp2, unlike Swi6,
does not adopt an auto-inhibitory conformation.
Chp2's H3K9me3 peptide and nucleosome affinity
parallel the properties of the uninhibited Swi6
ARK loop mutant. However, like Swi6, Chp2 can
assemble as a tetramer on a mononucleosome
and lead to a sticky ends architecture. This raises
interesting questions about why Chp2 may not be
subject to the same auto-regulation as Swi6. Swi6
is much more abundant in vivo than Chp2 (roughly
20,000 molecules compared to 200 per cell) [8].
As it is involved in numerous nuclear processes, it
is easy to imagine that multiple levels of regulation
are required to prevent the ectopic assembly and
spread of Swi6. The auto-inhibitory state of Swi6,
which is mutually exclusive with higher-order
oligomerization and nucleosome binding, provides
a means for such regulation. Chp2 is much less
abundant and seems to have a more specific role
in heterochromatin establishment [16]. Therefore,
we hypothesize that it may not be necessary to
regulate Chp2 binding and oligomerization to the
same extent as Swi6, suggesting one explanation
for the lack of a Swi6-like auto-inhibitory state. The
lower nuclear concentration of Chp2 also suggests
that, unlike with Swi6, the sticky ends architecture
may not be used for spreading, but instead may be
used for bridging across a proximal nucleosome
for interacting with Swi6 molecules or for interact-
ing with other binding partners.

HP1 proteins form a dynamic chromatin platform
that can recruit effector proteins, and these
proteins have likely evolved to suit their different
roles within a given species. However, Swi6 and
Chp2, as well as other HP1 proteins, interact with
many different proteins, and most of these inter-
faces are unknown. Further studies will lead to a
better understanding of which of these interactions
are mediated via the CSD, which are mediated by
other HP1 domains, how they regulate nucleosome
binding, and how they differ between paralogs and
species.

Materials and Methods

Protein cloning and purification

Swi6 was purified from Escherichia coli as
previously described [32,33]. Chp2 was cloned into
pET30a at the BamHI and Notl sites with a TEV
cleavage site separating the 6xHis tag and the Chp2
coding sequence. Swi6 and Chp2 full-length proteins
were purified from E. coli Rosetta (DE3) cells. Cells
were grown to optical density 0.6 at 37 °C in LB
medium with 50 pg/uL Kanamycin. Isopropyl-
B-D-thiogalactopyranoside was added to a final
concentration of 0.5 mM to induce protein expres-
sion, and cells were incubated at 18 °C for 16 h.
Harvested cells were resuspended in lysis buffer
[1x phosphate-buffed saline buffer (pH 7.8),
300 mM KCI, 10% glycerol, 7.5 mM imidazole, and
protease inhibitors: phenylmethanesulfonyl fluoride,
pepstatin A, aprotinin, and leupeptin]. Following
lysis in a C3 Emulsiflex (Avestin), cell debris was
removed by centrifugation at 25,0009 for 45 min.
Clarified lysate was incubated with Cobalt-NTA
affinity resin (Clontech) for 1 h at 4 °C. Resin was
then washed and proteins were eluted with 20 mM
Hepes (pH 7.5), 100 mM KCI, 10% glycerol, and
500 mMimidazole. Proteins were cleaved overnight
with 3 mg/mL TEV protease while dialyzing into
20 mM Hepes (pH 7.5), 300 mM KCI, 1 mM DTT,
and 10% glycerol. Protein was then purified by
size-exclusion chromatography on a Superdex 200
26/60 column (GE Healthcare) with storage buffer
[20 mM Hepes (pH 7.5), 300 mM KCI, 1 mM DTT,
10% glycerol]. For the CSDs of Swi6 and Chp2, a
Superdex 75 16/60 column (GE Healthcare) was
used for the size exclusion step. All N-terminal tags
were cleaved using TEV protease except for NMR
binding experiments involving the Chp2 CSD since
the tag improved stability at NMR concentrations.
Protein concentrations were measured by ultraviolet
absorption at 280 nm and calculated using the
extinction coefficient. Concentrations were measured
by UV absorbance at 280 nM using the followin
calculated extinction coefficients: 40,910 M~" cm™
for full-length Swi6, 8480 M~' cm~" for Swié CSD,
55,350 M~' cm™' for full-length Chp2, and
16,960 M~' cm~" for Chp2 CSD. To ensure that
there was little to no DNA contamination, the 260/280
ratio was measured for each purified protein, which
was 0.55 on average.

Nucleosome reconstitution

Gradient salt dialysis was used to assemble
mononucleosomes on DNA templates containing
the 147-bp 601 sequence. Labeled nucleosomes
were modified with a fluorescein tag on the 5’
upstream end of the DNA. All nucleosomes were
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prepared using recombinant Xenopus leavis histones
and assembled as previously described [35,36].
Histone H3 containing methyl lysine analogue at
position 9 (H3Kc9me3) was prepared as previously
described [37].

Fluorescence polarization

Fluorescence polarization binding assays to peptides
and nucleosomes were performed in binding buffer
(20 mM Hepes, 150 mM KCI, 1 mM DTT) supplement-
ed with 0.02% NP-40 at 24 °C. Substrates were used at
a final concentration of 5 nM, and Swi6é and Chp2
concentrations were varied. The binding reaction was
incubated for 30 min at 24 °C. Fluorescence polariza-
tion was measured using an AnalystHT (Molecular
Devices), with excitation and emission wavelengths of
480 and 530 nm, respectively.

The binding data were fit using the following
equation:

FPmax + Kd
[Protein + Ky

Protein FPmin

FPobs = [

In which FPps is the fluorescence polarization signal
observed, FP,, is the fluorescence polarization
signal for the probe alone, and FP..x is the
fluorescence polarization signal at saturating protein
concentration. The obtained Ky values were aver-
aged over three or more independent sets of data.

SV-AUC

Swi6 and Chp2 proteins were independently
dialyzed into reaction buffer overnight at 4 °C. All
sedimentation velocity experiments were performed
using an analytical ultracentrifuge (Beckman Coulter)
equipped with an absorption optical scanner (Optima
XLA). Data were acquired with ProteomelLab data
acquisition software 5. Global analysis of sedimenta-
tion velocity isotherm data was performed using
the SEDPHAT software. Partial-specific volume (v),
solution density (0), and solution viscosity (n) were
calculated in SEDNTERP.

Sample volumes of 100 pL or 400 pL at an overall
final optical density between 0.1 and 1 were pipetted
into double-sector centerpieces and places in an
eight-hole rotor, which was then placed in a temper-
ature equilibrated AUC chamber. An additional
incubation of 1 to 2 h was added with the rotor at
rest and under vacuum for temperature equilibration.
Runs were performed at a speed of 50,000 rpm.
Scans were collected by following ultraviolet absorp-
tion at 230, 250, and 280 nm with a radial step size
of 0.003 cm in continuous mode. Data were analyzed
using a c¢(s) continuous distribution of Lamm
equation solutions with the SEDFIT software,
following by integration and assembly into an isotherm
of weighted-average s values. The isotherm was

modeled in SEDPHAT with mass-action-based
models for the weighted-average s value.

NMR

For backbone assignment of the Swié CSD, protein
was expressed in M9 minimal media containing
®N-ammonium chloride and '*C-glucose as the
sole nitrogen and carbon source, respectively. Pro-
teins were purified as previously described (above)
with exchange into a final buffer containing 20 mM
Hepes (pH 7.8), 150 mM KCI, and 2 mM DTT.
Backbone assignments were obtained from nitrogen
HSQC and triple-resonance (HNCA, CBCA(CO)NH)
experiments recorded at 303 K on either a Bruker
Avance DRX500 or Bruker Avance 800 MHz spec-
trometer equipped with cryogenic probes. For binding
experiments, unlabeled peptides were added to either
100 uM 'SN-labeled Swi6 CSD or Chp2 His-tagged
CSD and nitrogen HSQC spectra were recorded at
303 K on a Bruker Avance DRX500 spectrometer.
CSPs were calculated from the equation:

\/0-5 (6Hbound - 5Hfree)2 + (0-2(6Nbound - 6Nfree))2

where the factor of 0.2 is used as a scaling factor for
the nitrogen spectral width. Titration data were only
fitted to obtain Ky values if the CSP between apo and
final peptide concentration for a residue was greater
than the mean plus one standard deviation.

Negative Stain EM and Image Processing

Chp2 protein was dialyzed overnight into sample
buffer. Chp2 protein (2.5 pL) at 0.1 yM was adsorbed
onto a glow discharged copper grid for 30 s followed
by conventional negative stain with uranyl formate.
Images were collected using a Tecnai T12 micro-
scope (FEI company) with an LaB6 filament and
operated at 120-kV accelerating voltage. All images
were collected at a magnification of 52kx with an
UltraScan 4096 x 4096 pixel CCD camera (Gatan). All
images were 2 x 2 pixel binned to the final pixel size of
4.42 A. A total of 1806 particles were selected and
processed using Relion [38].

Phage display

A randomized nonapeptide library (X9) fused to the
pVIIl protein of the phagemid vector pC89 was used
for the phage display procedure [39]. Screening of the
library was performed as follows: 1 pM of biotinylated
Swi6 or Chp2 CSD was bound to streptavidin
magnetic beads in phosphate-buffed saline 0.2%
bovine serum albumin. After washing 3 times, the
protein and phage were eluted with TEV protease.
Logarithmic phase E. coli XL-1 Blue cells were
infected by the eluate, and the phage was amplified
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using the helper phage M13KO7. The third and fourth
panning rounds were used to infect E. coli, and 96
individual colonies from each round were picked and
sequenced.

Peptides

Sgo1: EKAKTSNVCVCIPCKSAEQ.
Mutant Sgo1: EKAKTSNVCECIPCKSAEQ.
CIr3: RAVTQYLLHLLQKARPTSQ.

H3 Tail Peptide: ARTKQTARKSTGGKA.

Accession numbers

Backbone assignments of the Swi6 CSD have
been deposited in the Biological Magnetic Resonance
Data Bank, accession number 27145. NMR
chemical perturbations were mapped onto the Swi6
chromoshadow crystal structure with the PDB ID
code 1EOB.

Supplementary data to this article can be
found online at http://doi.org/10.1016/j.jmb.2017.
09.012.
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