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ABSTRACT

Heterochromatin is a distinctive chromatin struc-
ture that is essential for chromosome segregation,
genome stability and regulation of gene expression.
H3K9 methylation (H3K9me), a hallmark of hete-
rochromatin, is deposited by the Su(var)3-9 family
of proteins; however, the mechanism by which H3K9
methyltransferases bind and methylate the nucleo-
some is poorly understood. In this work we deter-
mined the interaction of Clr4, the fission yeast H3K9
methyltransferase, with nucleosomes using nuclear
magnetic resonance, biochemical and genetic as-
says. Our study shows that the Clr4 chromodomain
binds the H3K9me3 tail and that both, the chro-
modomain and the disordered region connecting the
chromodomain and the SET domain, bind the nucle-
osome core. We show that interaction of the disor-
dered region with the nucleosome core is indepen-
dent of H3K9me and contributes to H3K9me in vitro
and in vivo. Moreover, we show that those interac-
tions with the nucleosome core are contributing to
de novo deposition of H3K9me and to establishment
of heterochromatin.

INTRODUCTION

Regulation of genome expression is essential for many cel-
lular processes including cell proliferation, differentiation,
development and viability. Changes in gene expression and
genomic instability are allowing cancer cells to acquire their
characteristics. Heterochromatin is one of the distinctive
chromatin structures that plays an essential role in chro-
mosome segregation, maintenance of genome stability and

regulation of gene expression (1,2). Until last decade, het-
erochromatin was considered to be transcriptionally silent,
but in recent years, it has been shown that heterochromatin
is actively transcribed and that transcription is required for
heterochromatin formation (3–5).

In fission yeast, siRNAs direct the inactivation of tar-
get RNAs by guiding the Argonaute RITS complex to
complementary centromeric target sequences (3,6–9). Arg-
onaute recruits the methyltransferase complex CLRC to
chromatin, which leads to deposition of repressive histone 3
lysine 9 methylation (H3K9me), a hallmark of heterochro-
matin (3,4,10,11). The CLRC complex consists of the H3K9
methyltransferase Clr4 and an ubiquitination module that
resembles CRL4 type ubiquitin ligase (12–15). Clr4 is a ly-
sine methyltransferase of the CLRC complex that deposits
H3K9 methylation on nucleosomes. Subsequently, H3K9
methylation recruits Heterochromatin Protein 1 (HP1) fam-
ily of proteins and the SHREC complex that mediates
transcriptional silencing through histone deacetylation and
chromatin-remodeling (2,4,16).

Fission yeast Clr4 is a homologue of the human
Su(var)3–9 family of proteins (17). It has an N-terminal
chromodomain (CD) and the C–terminal Su(var)3–9 En-
hancer of zeste Trithorax (SET) domain (Supplementary
Figure S1A) (18,19). The chromodomain and the SET do-
main are connected by a highly disordered region compris-
ing residues S69-S191. The SET domain consists of sev-
eral �-strands and loops; and methylates lysine 9 of histone
H3 (20). The chromodomain consists of three �-strands
and a C-terminal �-helix and specifically binds the H3K9
methylated tail, a product of Clr4 enzymatic activity (21–
24). This read/write mechanism is required for heterochro-
matin maintenance and spreading of heterochromatin be-
yond initiation sites (25).
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Despite the extensive biochemical and genetic stud-
ies, the mechanism of H3K9 methylation on the nucle-
osome remains unclear. Once H3K9 methylation is de-
posited, the chromodomain will bind the H3K9 methy-
lated tail and tether the SET domain for further methyla-
tion steps. How Clr4 is stabilized on the nucleosome during
deposition of the initial H3K9 methylation is not under-
stood. In this work we determined the interaction of Clr4
with H3KC9me3 nucleosomes using nuclear magnetic res-
onance (NMR) Spectroscopy, biochemical and genetic as-
says. Our study shows that the Clr4 chromodomain binds
the H3KC9me3 tail and that both, the chromodomain and
the disordered region connecting the chromodomain and
the SET domain, bind the nucleosome core. We show that
the interaction of the disordered region with the nucleo-
some core is independent of H3K9 methylation and con-
tributes to H3K9 methylation in vitro and in vivo. Muta-
tions of Clr4 residues in the disordered region that interact
with the nucleosome core reduced binding to the nucleo-
some and H3K9 methylation in vitro. Moreover, our data
show that these interactions with the nucleosome core are
contributing to de novo deposition of H3K9 methylation in
vivo and to establishment of heterochromatin.

MATERIALS AND METHODS

Recombinant protein expression and purification

All Clr4 constructs were generated through inverse poly-
merase chain reaction (PCR) using the Clr4 full-length plas-
mid cloned in a pET30a expression vector containing an N-
terminal His-tag and C-terminal FLAG-tag (Supplemen-
tary Tables S1 and 2). Unlabeled, 15N- and 15N/13C- uni-
formly labeled Clr4 constructs were all expressed in Es-
cherichia coli Bl21(DE3) pLysS cells and purified by affin-
ity chromatography (GE Healthcare) as the following: Pro-
tein expression was induced by 0.5 mM Isopropyl �-D-1-
thiogalactopyranoside (IPTG) and cell culture was grown
for 18 h at 18◦C. In the case of 15N- and 15N/13C- Clr4 CD
and Clr4 construct 1–191, E. coli Bl21(DE3) pLysS cells
were grown in 6 liters of M9 minimal medium containing
15N-NH4Cl and 13C-Glucose. Cells were harvested and re-
suspended in lysis buffer (50 mM HEPES pH 7.5, 150 mM
NaCl, 3 mM beta-mercaptoethanol, 20 mM Imidazole) and
flash frozen. Cells were then thawed and incubated for 30
min in lysozyme before sonication (Branson Sonifier 250-
output 4, duty cycle 40). After suspension centrifugation at
12 000 g for 30 min at 4◦C, the supernatant was incubated
for 30 min at 4◦C with the binding buffer (50 mM HEPES
pH 7.5, 500 mM NaCl, 3mM beta-mercaptoethanol, 20
mM Imidazole) on Ni-NTA resin. The protein was eluted
from the resin using the elution buffer (50 mM HEPES pH
7.5, 500 mM NaCl, 3 mM beta-mercaptoethanol, 300 mM
Imidazole). Clr4 constructs were then dialyzed in a buffer
containing 50 mM HEPES pH 7.5, 150 mM NaCl and 3
mM beta-mercaptoethanol. All constructs were further pu-
rified by size exclusion chromatography (Superdex 200; GE
Healthcare), dialyzed in a buffer containing 50 mM phos-
phate buffer pH 6.8, 150 mM NaCl, 1 mM Dithiothreitol
(DTT) and concentrated by centrifugal filtration.

Histone protein expression and in vitro nucleosome reconsti-
tution

The four Xenopus laevis histone proteins H2A, H2B, H3
and H4 were all prepared in a recombinant form after their
expression in E. coli according to protocol (23,26,27). Ly-
sine 9 of histone H3 (H3K9) was methylated by applying the
methyl lysine analog methyl lysine analog (MLA) (23,27).
We have confirmed the presence of MLA product with mass
spectrometric analysis. The histones were purified in unfold-
ing conditions (6 M Guanidinium Chloride, 20 mM Tris–
HCl pH 7.5), mixed to equimolar ratios and dialyzed in re-
folding buffer (2 M NaCl, 10 mM Tris–HCl pH 7.5) to as-
semble the octamer. Nucleosomes (methylated, unmodified
and tailless) were reconstituted in vitro from the octamer
and the 167-bp 601 Widom’s DNA sequence by salt gradi-
ent deposition. The reconstituted nucleosomes were evalu-
ated by agarose, sodium dodecyl sulphate-polyacrylamide
gelelectrophoresis (SDS-PAGE) and native gels. To prepare
tailless nucleosomes, the reconstituted nucleosomes were in-
cubated for 2 h at 25◦C with an immobilized TPCK-Trypsin
resin (Thermo Scientific) in a buffer containing 20 mM
HEPES pH 7.5, 75 mM NaCl, 1 mM DTT.

Binding assays and assembly of Clr4–H3KC9 nucleosome
complex

The binding assay of all Clr4 constructs and the three types
of nucleosomes were conducted as the following: 0.5 �g of
protein were bound to 15 �l of anti-FLAG M2 affinity gel
resin (Sigma-Aldrich) in binding buffer (50 mM phosphate
buffer pH 6.8, 150 mM NaCl, 1 mM DTT) for 20 min at
4◦C. The resin was washed once with the binding buffer
and 2 mg of nucleosomes were then added to reach a final
volume of 40 �l. After 1 h incubation on ice, the resin was
centrifuged and the flow-through was collected. The flow-
through, resins and inputs were analyzed on SDS-PAGE
15% acrylamide gels then silver staining (0.1% AgNO3). All
samples were further analyzed with western blot using anti-
H3 histone (AbCam, 1:1000), anti-H3K9me3 Antibody
(AbCam, 1:1000), anti-goat IgG-HRP (BioRad, 1:3000)
and anti-rabbit IgG-HRP (BioRad, 1:3000).

The Clr4-H3KC9me3 nucleosome complexes (Clr4 FL,
Clr4 CD and Clr4 1–191 constructs) were prepared as men-
tioned above using 5 �g protein and 10 �g nucleosomes
and eluted after incubation with FLAG peptide (Sigma-
Aldrich).

NMR spectroscopy

All NMR experiments were performed at 15◦C on Bruker
Avance III 800 MHz spectrometer equipped with a cryo-
genic probe. Samples of 15N/13C- Clr4 CD and Clr4 1–191
constructs containing 1 mM protein each were used to run
the three-dimensional HNCA, HNCACB, HN(CO)CACB
and HNCO triple-resonance experiments (28) for the NMR
backbone assignment of Clr4 CD and Clr4 1–191 con-
structs. The 3D HNCACB and 3D HNCA spectra were
recorded with 2048 (F1) × 84 (F2) × 128 (F3) complex
points, 24 scans per increment with spectral widths of 7716
Hz, 1705 Hz and 10582 Hz in the 1H, 15N, 13C dimensions,
respectively, and a total experiment time of 3 days. The 3D
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HNCO spectra were recorded with 2048 (F1) × 100 (F2)
× 100 (F3) complex points, eight scans per increment with
spectral widths of 7003 Hz, 1561 Hz and 1233 Hz in the
1H, 15N, 13C dimensions, respectively, and a total experi-
ment time of 3 days.

The samples used for the NMR titrations contained 50
�M 15N-labeled protein (Clr4 CD or Clr4 1–191 construct)
in 50 mM phosphate buffer pH 6.8, 150 mM NaCl, 1
mM DTT and 10% (v/v) D2O. Different ratios (1:0.5, 1:1
and 1:2) of the Clr4 CD–H3KC9 nucleosome and Clr4 1–
191–H3KC9 nucleosome complexes were freshly prepared.
Similarly, the [Lys(Me3)9]-Histone H3 (1-21)-GGK(Biotin)
peptide (Eurogentec) was used to prepare the ratios (1:1
and 1:5) of the Clr4 CD–H3K9 peptide and Clr4 1–191–
H3K9 peptide complexes. The 2D 1H-15N HSQC experi-
ments were acquired using 600 complex points and 32 scans
per increment with spectral widths of 8389 Hz and 1844 Hz
in the 1H and 15N dimensions, respectively, and a total ex-
periment time of 9 h. All NMR experiments were processed
with NMRPipe and analyzed with CCPN Analysis (29,30).
Averaged chemical shift perturbations were calculated ac-
cording to the standard equation being 1H and 15N chemi-
cal shifts of free and ligand-bound Clr4 constructs. The in-
tensity ratio plots are reported with a 3-residues averaging
window (Supplementary Table S3).

Clr4 methyltransferase assay

A total of 8 �g of Clr4 and Clr4 MUT12 were mixed with 5
�g of nucleosome, 215 �M SAM (S-adenosyl Methionine)
and 36 mM of Tris pH 8. The samples were incubated at
37◦C for the time of the reaction. After each time point,
SDS loading buffer was added to the tube and the reaction
was inactivated at 95◦C for 4 min.

For the western blot, the samples were loaded on a 17%
SDS gel ran at 300V and the transfer was done at 15V. The
membrane was incubated in a 5% blocking buffer for 2 h
against H3K9me1 (ab8896, Abcam), H3K9me2 (ab1220,
Abcam), H3K9me3 (ab8898, Abcam) or H3 (ab1791, Ab-
cam), then in the first antibody for 1 h. The membrane was
then washed with the 1 × TBST buffer. Then it was incu-
bated with the secondary antibody for 1 h. The membrane
was washed with the 1 × TBST buffer then mixed with the
chemiluminescence substrate Pico plus for the revelation.

Strain construction, plasmid generation and genomic integra-
tion of point mutants

The strains were constructed by electroporation (Biorad
MicroPulser program ShS) with a PCR-based gene target-
ing product leading to deletion or epitope-tagging of spe-
cific genes (Supplementary Tables S1 and 2). Plasmids were
cloned by enzyme digestion and subsequent DNA-ligation.
Mutations were introduced with inverse PCR (31). For ge-
nomic integration of the mutants, a PCR with long over-
hang primers according to Bähler et al. (32) was performed
and the product transformed. Positive transformants were
selected on YES plates containing 100–200 mg/ml antibi-
otics and were confirmed by PCR and sequencing.

Growth assay and ade6 reporter spot assay

Tenfold serial dilutions of cultures with OD600 between 0.7
and 1.5 were made so that the highest density spot con-
tained 105 cells. Cells were spotted on non-selective YES
medium or not supplemented YE (low adenine) medium.
The plates were incubated at 32◦C for 2–3 days and imaged.
Cells with a silenced ade6 gene are red, cells expressing ade6
are white. In pink colonies the ade6 gene is partially de-
repressed. Trichostatin (TSA) treated cells were grown in 35
mg/ml TSA for 24 h and then plated on low adenine YE
plates.

In vitro Clr4 activity assay with RNA inhibition

In order to determine the inhibitory effect of RNA on Clr4
activity, a nucleosome methylation assay was performed.
Each reaction contained 3 �M Clr4 and 30 nM nucleo-
somes in 1× reaction buffer (0.1 M Tris pH 8.8, 0.1 M KCl,
5% (v/v) glycerol, 1 mM MgCl2, 20 �M ZnSO4, 10 mM ß-
Mercaptoethanol). Furthermore, 80 �M SAM and differ-
ent concentrations of 100 nt + 20A RNA (15 nM – 1.5 �M
in 10 mM Tris) were added. After 5 h incubation at 30◦C,
Clr4 was inactivated at 95◦C for 3 min. RNA was degraded
with 1 �l RNase A for 5 min at RT. The activity was eval-
uated by 15% acrylamide SDS-page and western blot anal-
ysis using antibodies against H3K9me2 (ab1220, Abcam)
and H3 (ab1791, Abcam).

RESULTS

Disordered region of Clr4 binds the nucleosome indepen-
dently of H3K9 methylation

To study Clr4 interaction with the nucleosome, we ex-
pressed and purified full-length Clr4, Clr4 chromodomain
(Clr4 CD) and a construct that lacks the chromodomain
(Clr4 �CD) (Figure 1A and Supplementary Figure S1A).
The Clr4 �CD construct was further divided into the Pre-
SET-Post construct that lacks the disordered region and the
SET-Post construct that lacks the disordered region and
the Pre-SET domain (Figure 1A and Supplementary Fig-
ure S1A). The histone proteins H2A, H2B, H3 and H4
were expressed and purified and nucleosomes were reconsti-
tuted as described (26,33) (Supplementary Figure S1B and
C). The H3K9me3 nucleosomes were assembled using the
MLA method (H3KC9me3 analog) and were confirmed by
mass spectrometric analysis as previously described (Sup-
plementary Figure S1B–D) (23,34).

Next, we tested binding of full length and mutant Clr4
constructs to nucleosomes which were either methylated on
H3K9 (H3KC9me3), unmodified or did not have histone
tails (tailless) (Figure 1B). In the pull-down assays, the C-
terminal FLAG-tag containing constructs were bound to
the anti-FLAG resin and the interaction with the nucle-
osomes was probed. Unbound nucleosomes were washed
away and binding was determined by gel electrophoresis.
Our data show that the full-length Clr4 and Clr4 �CD
bind both, H3KC9me3 and unmodified nucleosomes (Fig-
ure 1B). The Clr4 CD construct, however, binds only the
H3KC9me3, but not the unmodified nucleosome (Figure
1B). This indicates that the chromodomain requires the
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Figure 1. Assembly of the Clr4–H3KC9 methylated nucleosome complex. (A) A scheme showing the domain organization of the full-length Clr4 protein
(FL) and the designed constructs. N = N-terminal, C = C-terminal, CD = chromodomain, SET = SET domain. (B) Silver stained SDS-PAGE and western
blot analysis showing interaction of indicated Clr4 constructs with H3KC9me3 and unmodified nucleosomes. Clr4 constructs were bound to FLAG resin
and incubated with nucleosomes. Elutions from the resin are shown. (C) Silver stained SDS-PAGE and western blot analysis of resin bound FLAG-tagged
Clr4 constructs Clr4 1–191 and Clr4 192–491 and co-purifying H3KC9me3 and tailless nucleosomes. Clr4 constructs were bound to FLAG resin and
incubated with nucleosomes. Elutions from the resin are shown.
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H3KC9me3 tail for interaction with the nucleosome, while
full-length Clr4 and Clr4 �CD can also bind the nucleo-
some independent of H3K9 methylation. We have also ob-
served that Clr4 and Clr4 �CD constructs bind tailless nu-
cleosomes, indicating that these constructs bind the core
of the nucleosome (Supplementary Figure S1E). The two
other constructs (Pre-SET-Post and SET-Post) did not bind
to the nucleosomes suggesting either no binding or a very
transient binding, which is not stable enough to be detected
in the pull-down assays (Figure 1B). Our data show that
the Clr4 �CD construct (residues 69–490) binds unmodi-
fied and tailless nucleosomes, while the Pre-SET-Post con-
struct (residues 258–490) shows no binding to any kind of
nucleosomes. This indicates that chromodomain and disor-
dered region are required for the SET domain to bind and
methylate the nucleosome. Notably, our data show that in-
teraction with the nucleosome core is not specific to H3K9
methylation and is mediated by the disordered region con-
necting the chromodomain and the SET domain (Figure
1B).

To further dissect the role of the disordered region in
binding to the nucleosome, we generated Clr4 constructs
comprising residues 1–191 (Clr4 1–191 which includes CD
and the disordered region) and 192–490 (Clr4 192–460
which includes the SET domain). The pull-down assays re-
vealed that the Clr4 1–191 construct, but not Clr4 192–490,
binds H3KC9me3 and tailless nucleosomes (Figure 1C).
These data show that Clr4 can bind the nucleosome in-
dependent of H3K9 methylation through the highly disor-
dered region comprising residues 70–191.

Clr4 binds H3KC9me3 nucleosome through the chromod-
omain and the disordered region

To analyze the Clr4 interaction with the nucleosome we
used NMR spectroscopy. We acquired 2D heteronuclear
single quantum coherence (HSQC) spectra of 15N-labeled
Clr4 CD in its free form, bound to the H3K9me3 peptide,
to the H3KC9me3 nucleosome, to the unmodified nucleo-
some and to DNA (Figure 2 and Supplementary Figure
S2). This method allows deciphering the interaction sites by
recording the changes in chemical shifts and intensities of
individual peaks. The superposition of 2D 1H-15N HSQC
spectra of free and bound forms of the protein directly in-
dicates which residues change their chemical shift positions
and signal intensities. The analysis of the NMR intensity
ratios I/I0 (I is the intensity of bound form, I0 is the in-
tensity of free form) with respect to the residue number of
the protein is a direct indication of binding. Signal broad-
ening (I/I0 < 1) is due to exchange of the protein between
the free and bound conformations. The reduction in the
signal intensity is a common observation in protein NMR
spectroscopy that reflects the combination of the molecular
weight increase upon complex formation and the chemical
exchange at the contact surface (35).

First, we investigated the binding of Clr4 CD to thDur-
ing titration ofe H3K9me3 peptide using NMR spec-
troscopy. Upon Clr4 CD binding to H3K9me3 peptide,
a subset of signals shifted and strongly decreased in in-
tensities. The overlap of 2D 1H-15N NMR HSQC spectra
between the apo and H3K9me3 peptide bound Clr4 CD

confirms that the Clr4 CD structure remains unaltered af-
ter binding to the H3K9me3 peptide (Supplementary Fig-
ure S2A). The NMR data show that the Clr4 CD bind-
ing to the H3K9me3 peptide involved patches 15DEK17,
25KLYR28,40TWE42 and 45ENL47 (Supplementary Figure
S2B and C), which is consistent with the structure of the
Clr4 chromodomain (Supplementary Figure S2C) (24). In
agreement with previous structures (21,22,24), our data
show that the conserved aromatic cage binds the H3K9me3
tail. To determine if Clr4 CD might bind the core of
the nucleosome, we investigated Clr4 CD interaction with
the H3KC9me3 nucleosome. The interaction with the nu-
cleosome involved residue patches 8YEVER12, 15DEK17,
25KLYR28, 31WLNY34, 40TWE42 and 56EWKR59 (Supple-
mentary Figure S2D and E). The last 56EWKR59 patch is
in the C-terminal helix of the chromodomain, and our data
show that these residues interact only with the H3KC9me3
nucleosome and not with the H3K9me3 peptide (Figure
2A–C; Supplementary Figure S2D and E). This is in agree-
ment with crystal structures of different chromodomains
where the interaction between the C-terminal helix and the
H3K9me3 peptide was also not observed (21,22,24).

The chromodomain consists of a three-stranded antipar-
allel �-sheet, a long C-terminal �-helix and a disordered
loop that separates �2 and �3 strands. Based on the strong
correlation between chemical shifts and local structure,
we derived the secondary chemical shifts for the Clr4 CD
bound to the H3KC9me3 nucleosome to confirm the sec-
ondary structure elements (Supplementary Figure S3A and
B). This is based on the difference between the measured
C� chemical shifts and random coil chemical shifts as a
function of the primary sequence of Clr4 CD. C� atoms in
�-helices and �-sheets will have positive and negative sec-
ondary chemical shifts, respectively. Our data show that the
secondary structure elements remain unaltered after bind-
ing the H3KC9me3 nucleosome and are consistent with the
solution structure (24).

Our binding assays show that the disordered region be-
tween residues 69 and 191 contributes to nucleosome bind-
ing independent of H3K9 methylation (Figure 1B). This
suggests that the disordered region makes additional con-
tact sites with the nucleosome that might stabilize the com-
plex. We used NMR to determine the interaction between
the disordered region and the H3KC9me3 nucleosome, un-
modified nucleosome and DNA. We observed changes in
NMR signal position and intensity in 2D 1H-15N HSQC
spectra after binding of the Clr4 1–191 construct to the
H3KC9me3 nucleosome. Similar to the binding of Clr4
CD, this included the residue patches 8YEVER12, 15DEK17,
25KLYR28, 31WLDY34, 40TWE42 and 51VLAEEWKR59

(Figure 2A–C). These patches show the interaction of Clr4
chromodomain with the H3KC9me3 tail and the core of
the nucleosome. The interaction of the C-terminal �-helix
of the chromodomain with the H3KC9me3 nucleosome is
more extensive when the disordered region is present (Fig-
ure 2B and Supplementary Figure S2D), suggesting that
the disordered region stabilizes the CD interaction with the
core of the nucleosome (Supplementary Figure S4A and
B). Our NMR data show that CD in Clr4 1 191 also binds
the unmodified nucleosome, however interactions involved
in binding the H3KC9me3 residue are lost (Supplementary
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Figure 2. The interaction between Clr4 construct 1–191 and the H3KC9me3 nucleosome. (A) Two-dimensional 1H-15N HSQC spectra of the isotope-
labeled Clr4 1–191 construct in the absence (black) and presence of increased ratios of unlabeled H3KC9me3 nucleosome; Clr4 1–191:H3KC9me3 nu-



6732 Nucleic Acids Research, 2019, Vol. 47, No. 13

Figure S5A–C). Notably, we observed that residues K58-
R62 of the C-terminal helix bind only H3KC9me3 nucle-
osome and not the unmodified nucleosome or DNA, indi-
cating that this interaction is H3K9me3 dependent (Figure
2 and Supplementary Figure S5A–F). Altogether, our data
show that the disordered region tethers Clr4 CD to the nu-
cleosome, and that CD interacts with the unmodified nucle-
osome in a similar way as with the H3KC9me3 nucleosome.

Moreover, we observe several interactions of the disor-
dered region with the H3KC9me3 nucleosome. This in-
cludes the patches 113KKVFS117, 123RQSR126, 147TNSK150

and 164QKRELVS170 in the disordered region. The sec-
ondary chemical shifts of the Clr4 1–191 construct bound
to the H3KC9me3 nucleosome confirmed that the three-
stranded anti-parallel �-sheets and the two �-helices all re-
main intact at the CD domain (Figure 2D and Supplemen-
tary Figure S6A). Notably, the propensity for secondary
structure elements was visible at the intrinsically disordered
region upon Clr4 1–191 binding to the H3KC9me3 nucle-
osome. The patch 113KKVFS117 incorporates the �-strand
and 164QKRELVS174 shows features of an �-helix (Fig-
ure 2D). These structural elements were not visible when
Clr4 1–191 was bound to the H3K9me3 peptide (Supple-
mentary Figure S6A). Our data show that Clr4 binds the nu-
cleosome with its disordered region independent of H3K9
methylation and this induces formation of an �-helix and
�-sheet in this region. The interaction of the disordered re-
gion with the nucleosome also stabilizes the chromodomain
interaction.

We observed that in NMR spectra showing interaction of
Clr4 1–191 with H3KC9me3 nucleosome, a subset of peaks
changes chemical shifts in a linear fashion (59 Arg, 94 Lys,
16 Glu, 19 Asp), while others change chemical shifts in a
non-linear fashion (147 Tyr, 40 Thr, 22 Gly, 42 Glu, 29 Ile
and 176 Ala) (Figure 2A). Moreover, at higher concentra-
tions, some peaks are broadened beyond detection (53 Val,
15 Asp, 52 Ala). For some of these residues, a two-state in-
teraction cannot explain the deviation from linearity while
a complex binding interaction exists. During titration of the
ligand (Clr4) to the complex (nucleosome) broadening and
perturbation of chemical shifts occur due to (i) interme-
diate to slow exchange between free and bound states, (ii)
structural re-arrangement of protein/ligand complex after
binding or (iii) conformational change of the protein com-
plex prior ligand binding. All these interactions most likely
lead to peaks in 2D spectra to move in a non-linear fash-
ion while going from free to bound forms. The deviation
from linearity will depend on the populations of intermedi-
ate states. Non-linear behavior can also be caused by fac-
tors other than two-state binding interaction such as mul-

tiple bindings where a strong binding occurs at a specific
site together with a weak non-specific binding at multiple
sites (36). The residues in Clr4 showing non-linear behav-
ior are most likely affected by other factors like electro-
static interaction of DNA with charged residues and con-
formational exchange at increasing nucleosome concentra-
tion. Given the dynamic histone–DNA interactions (27,33)
and possible presence of free DNA (Supplementary Figure
S1C), deviation from a linearity may arise due to interaction
with multiple species.

Consistent with the binding assays (Figure 1B and C),
our NMR data show that the disordered region binds the
unmodified nucleosome and DNA (Supplementary Fig-
ure S6B). Most residues in the disordered region bind the
H3KC9me3 nucleosome, the unmodified nucleosome and
DNA, indicating that these residues bind primarily nucle-
osomal DNA. Only the patch 164QKRELVS174 does not
bind the unmodified nucleosome, and these residues inter-
act with the nucleosome in an H3K9me3 dependent man-
ner and fold into an �-helix (Figure 2B and Supplementary
Figure S6B).

Clr4 disordered region contributes to H3K9 methylation and
heterochromatin establishment

Next, we tested if the interaction of the Clr4 disordered re-
gion with the nucleosome contributes to H3K9 methyla-
tion and heterochromatin formation in fission yeast cells.
We mutated two patches in the Clr4 disordered region that
make contacts with the nucleosome in our NMR data.
The patch 164QKRELVS170 in the clr4 gene was mutated to
164SGSGSGS170 and the patch 147TNSK150 to 147SGSG150,
respectively, generating the MUT12 construct. We purified
wild-type and mutant Clr4 and determined their methly-
transferase activity by western blot (Supplementary Figure
S7A). Our biochemical data show that mutations in these
two patches reduced Clr4 interaction with the nucleosome
and the methyltransferase activity (Figure 3A–C). This indi-
cates that interaction of the disordered region with the nu-
cleosome stabilizes Clr4 on the nucleosome and promotes
H3K9 methylation.

We mutated the same patches in the clr4 gene and in-
serted the mutant clr4 into the genome of a clr4 dele-
tion strain. This generated fission yeast strains MUT1
(164SGSGSGS170) and MUT2 (147SGSG150) with mutations
in the clr4 disordered region integrated into the genome.
We also generated the MUT12 strain that has mutations in
both patches. To exclude variation in the expression due to
genomic manipulation, we re-integrated the wild-type clr4
gene as a control. These mutations were inserted in a strain

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
cleosome (1:0.5 green, 1:1 orange, 1:2 purple). The selected chemical assignments highlight perturbation and broadening in the chemical shifts of certain
resonances. (B) Intensity ratio plot (blue) and chemical shifts perturbations CSPs (yellow) of Clr4 1–191 in the presence of the H3KC9me3 nucleosome
(Clr4 1–191:H3KC9me3 nucleosome 1:2). Intensity ratios and weighted chemical shift perturbations correspond to the backbone amide resonances. The
residue patches of the chromodomain (15DEK17, 25KLYR28, 40TWE42) showed most significant perturbations and decrease in signal intensities in presence
of both peptide and nucleosomes. Signal broadening and perturbations were detected for the residue patches in the unfolded region only in the case when
bound to the nucleosome and not to the H3K9 peptide. (C) Intensity ratio plot (red) and chemical shifts perturbations CSPs (black) of Clr4 1–191 in the
presence of the H3K9 methylated peptide (Clr4 1–191:H3K9me3 Peptide 1:5). (D) Secondary structure elements of Clr4 1–191 bound to the H3KC9me3
nucleosome. The indicated secondary structure is based on the C� NMR chemical shifts analysis and represents differences between measured C� and
random coil (RC) chemical shifts as a function of the primary sequence in Clr4. The secondary structure elements are highlighted in gray. C� atoms in
�-helices and �-sheets have positive and negative secondary chemical shifts, respectively.
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Figure 3. Interaction of Clr4 disordered region with the nucleosome promotes H3K9 methylation and heterochromatin establishment. (A) SDS-PAGE
analysis of resin bound FLAG-tagged wild-type and MUT12 Clr4 constructs and co-purifying unmodified nucleosomes. Clr4 MUT12 has weaker affinity
for the nucleosome. (B) In vitro assay showing H3K9 methylation by wild-type and mutant Clr4 (MUT12). Clr4 was incubated with the nucleosomes in
presence of SAM and reaction was stopped at indicated time points. H3K9 methylation was detected by western blot. (C) Quantification of Clr4 activity
assay western blots. For H3K9me1 two independent assays were averaged, and for H3K9me2/3 four assays were averaged. The assays were quantified with
Quantity One with local background subtraction. Standard error for each data point is shown. (D) Growth assay with centromeric ade6 reporter gene
showing that mutations in the disordered region of Clr4 do not have an effect on heterochromatin maintenance. Red colonies indicate silencing of ade6
gene and formation of functional heterochromatin. Cells were plated in 10-fold dilutions starting with 105 cells. (E) Growth assay with centromeric ade6
reporter gene after heterochromatin perturbation with deacetylase inhibitor TSA. Heterochromatin establishment is perturbed in cells having mutations
in Clr4 disordered region. Appearance of white colonies indicates defect in heterochromatin formation and loss of ade6 silencing. (F) Growth assay with
centromeric ade6 reporter gene. White colonies from (B) were grown for 2 days and plated. All white colonies turned red, indicating that they established
functional heterochromatin.
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containing an ade6 reporter gene in the pericentromeric het-
erochromatin. When grown on low adenine medium, cells
that silence the ade6 reporter gene will be red, and cells
that express ade6 will be white. We have grown our mutant
and control strains on a low adenine medium YE and ob-
served only red colonies, comparable to wild-type cells (Fig-
ure 3D). This indicates that in our mutant strain the ade6
reporter is silenced and that heterochromatin formation is
not impaired when the disordered region of clr4 is mutated,
although the methyltransferase activity is reduced. Our data
show that interaction of Clr4 disordered region with the nu-
cleosome is not required for heterochromatin maintenance.

To test if this interaction might be required for estab-
lishment of heterochromatic silencing, we perturbed het-
erochromatin by adding TSA to the media. TSA inhibits
deacetylases and interferes with heterochromatin forma-
tion (7,37). Cells were grown on 35 �g/ml of TSA for 24
h and then directly plated on a low adenine YE medium.
Under these conditions, we observed a higher percentage
of white colonies in our MUT12 strains (Figure 3E), indi-
cating that some cells did not efficiently re-establish hete-
rochromatin after perturbation. The control cells efficiently
re-established pericentromeric heterochromatin. These data
show that interaction of the disordered region of Clr4 with
the nucleosome contributes to heterochromatin establish-
ment.

Next, we took several single white MUT12 colonies that
did not establish heterochromatin in our establishment as-
say. We have grown these colonies for 2 days and plated
them again on low adenine YE medium to determine if
these cells eventually succeed in establishing heterochro-
matin. Our data show that every single white colony lead to
a red progeny that is efficiently silencing the ade6 reporter
gene (Figure 3F). Eventually, the mutant cells succeeded in
establishing functional heterochromatin, however, this was
less efficient and slower than in wild-type cells. This indi-
cates that the interaction of Clr4 disordered region with the
nucleosome increases efficiency and the kinetics of H3K9
methylation and heterochromatin establishment.

Taken together, our data show that in absence of H3K9
methylation, Clr4 disordered region binds the nucleo-
some which stabilizes the complex to deposit the initial
H3K9 methylation. This interaction increases the efficiency
of H3K9 methylation and heterochromatin establishment.
Once initial H3K9 methylation is deposited, Clr4 chromod-
omain can bind the H3K9 methylated nucleosomes which
will tether Clr4 for subsequent methylation steps.

Clr4 methyltransferase activity is inhibited by RNA

Our recent data show that RNA accumulation on chro-
matin interferes with H3K9 methylation and heterochro-
matin formation (38). The mechanisms of the RNA me-
diated loss of H3K9 methylation and heterochromatin re-
mained; however, unclear. Here, we investigated if RNA
might inhibit Clr4 methyltransferase activity on the nucleo-
some which will lead to loss of H3K9 methylation and het-
erochromatin formation.

Clr4 interaction with nucleic acids has been proposed
(39), however, it remains unclear how this interaction reg-
ulates its activity. Clr4 chromodomain residues K58-R62

were shown to be essential for interaction with RNA or
DNA and our NMR data show that the same residues bind
the H3KC9me3 nucleosome, most likely nucleosomal DNA
(Figure 2B). To test the possibility that RNA might interfere
with Clr4 activity, we added RNA to our in vitro methly-
transferase activity assay and observed that RNA strongly
inhibits H3K9 methylation of nucleosomes (Figure 4A).
This suggests that interaction with RNA prevents Clr4 in-
teraction with the nucleosomal DNA, which reduces Clr4
methyltransferase activity.

DISCUSSION

The organization of chromatin into heterochromatin is es-
sential for epigenetic silencing and chromosome segrega-
tion. H3K9 methylation is a hallmark of heterochromatin,
however, the mechanisms of its deposition are still poorly
understood. In this work we have determined the inter-
action of Clr4 with the nucleosomes using NMR spec-
troscopy, pull-down assays and in vivo heterochromatin es-
tablishment assays. Our data show that Clr4 interaction
with the nucleosome is mediated by the chromodomain and
the disordered region connecting chromodomain and the
SET domain. Chromodomain binds only nucleosomes with
methylated H3K9, while the disordered region binds both
methylated and unmodified nucleosomes. These data re-
veal an unexpected role for the disordered region in a non-
specific interaction with the nucleosome that is important
for de novo H3K9 methylation and heterochromatin estab-
lishment (Figure 4B). Our data suggest that this interaction,
which is independent of H3K9 methylation, stabilizes Clr4
on the unmodified nucleosomes to deposit the first H3K9
methylation mark and to establish a silent chromatin state.
After initial H3K9 methylation is deposited, the chromod-
omain will bind it and tether Clr4 to the nucleosome to de-
posit additional H3K9 methylation. This read/write mech-
anism is essential for heterochromatin formation and its
spreading beyond the nucleation sites (25).

Analysis of NMR secondary chemical shifts confirmed
that the secondary structure elements in the chromodomain
remain unaltered after binding to the nucleosome. No-
tably, we found the propensity for secondary structure el-
ements in the intrinsically disordered region between S69
and S192 with �-sheet �4 (113KKVFS117) and �-helix �3
(164QKRELVS174). These data show that the nucleosome
induces formation of secondary structure elements in the
disordered region of Clr4 and these elements bind the core
of the nucleosome (40–42).

Moreover, we observe that the C-terminal helix of the
Clr4 chromodomain interacts with the H3KC9me3 nucle-
osome, but not with the H3K9me3 peptide. This suggests
that the C-terminal helix of Clr4 binds the core of the nu-
cleosome. Previous results show that the Clr4 CD can bind
RNA or DNA with its positively charged residues K58-R62
in the C-terminal helix in the H3K9me3-dependent manner
(39). Consistent with previous results, we do not observe
interaction of these residues with the unmodified nucleo-
some or DNA in our NMR data, neither we do observe Clr4
CD binding to the unmodified nucleosome. Notably, sev-
eral patches in CD bind the unmodified nucleosome in an
H3K9me3 independent way, but this interaction is depen-
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Figure 4. RNA inhibits H3K9 methylation by Clr4. (A) In vitro assay showing H3K9 methylation by wild-type Clr4 in presence of increasing amounts
of RNA. H3K9 methylation was detected by western blot. Increasing amounts of RNA inhibit H3K9 methylation by Clr4. (B) Clr4 binds unmodified
nucleosomes with its disordered region. The disordered region folds on the nucleosome and stabilizes the complex. This promotes H3K9 methylation by
Clr4 and heterochromatin establishment.

dent on the disordered region. This indicates that the dis-
ordered region recruits CD to the unmodified nucleosome
and that CD binds unmodified and H3K9me3 nucleosome
in a similar way.

Our data show that Clr4 CD and the disordered region
bind nucleosomal DNA. This suggests that RNA might
compete with Clr4 binding to the nucleosome, which might
inhibit Clr4 methyltransferase activity. We have tested this
possibility and observed that presence of RNA strongly
inhibits Clr4 methyltransferase activity in vitro. This is in
agreement with our recent work which shows that chro-
matin bound RNA inhibit heterochromatin formation in
fission yeast cells (38). These data suggest that chromatin
bound RNA binds the Clr4 chromodomain and disordered
region which prevents its interaction with the nucleosome
and reduces H3K9 methyltransferase activity. In agreement,
recent data show that RNA inhibits activity of Polycomb
Repressive Complex 2 (PRC2) which methylates H3K27,
another repressive histone mark (43,44).

Our data suggest that the interaction of the disordered re-
gion with the nucleosome promotes establishment of H3K9
methylation. This might have an implication on establish-
ment of ectopic H3K9 methylation in human cancer cells.
G9a, a mammalian H3K9 methyltransferase, was shown
to deposit ectopic H3K9 methylation in many cancers, in-
cluding breast and lung cancers (45,46). The H3K9 methyl-
transferase activity of G9a was shown to be important for
cancer proliferation, underlining the importance in under-
standing how the initial H3K9 methylation is deposited.
Our data suggest that disordered regions of histone methyl-
transferases contribute to the binding to unmodified nucle-
osomes for deposition of the first methylation mark. This
might lead to propagation of ectopic H3K9 methylation,
cell reprogramming and formation of cancer cells.
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