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MOLECULAR BIOLOGY

Mechanistic insights into the stimulation of the histone
H3K9 methyltransferase Clr4 by proximal
H3K14 ubiquitination

Yunxiang Du't, Maoshen Sun?t, Zhenggqing Li't, Xiangwei Wu', Qian Qu3*,
Huasong Ai**, Lei Liu'*

H3K9 methylation, a conserved heterochromatin marker, is crucial for chromosome segregation and gene regula-
tion. Clr4 is the sole known methyltransferase catalyzing H3K9 methylation in Schizosaccharomyces pombe. Clr4
K455/K472 automethylation and H3K14 ubiquitination (H3K14UDb) are vital activators of Clr4, ensuring appropri-
ate heterochromatin deposition and preventing deleterious silencing. While automethylation’s activation mecha-
nism is uncovered, the mechanism of H3K14Ub's significantly stronger stimulation on CIr4 remains unclear. Here,
we determined the crystal structures of Clr4 bound to ubiquitinated and unmodified H3 peptides at 2.60 and
2.39 angstrom, which revealed a synergistic mechanism underlying the pronounced stimulatory effect: H3K14Ub
increases substrate affinity through multivalent interactions and facilitates the allosteric transition of Clr4 from an
inactive apo conformation to a hyperactive “catalyzing state,” including conformational changes in the aC-SET-
insertion region, autoregulatory loop, and the $9/10 loop. We finally propose a multilevel structural model for the
Clr4 catalytic-regulatory cycle. This work provides structural insights into the interplay between histone modifica-
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tions and their collective impact on epigenetic regulation.

INTRODUCTION

Histone H3K9 methylation (H3K9me) is a central and conserved
epigenetic hallmark of transcriptional silencing associated with het-
erochromatin formation (1-5). H3K9me deposition is a highly effi-
cient process in vivo, as it induces a positive feedback loop involving
chromodomain (CD)-mediated read-write process (6-8) and cross-
talk with RNA interference (RNAi)-dependent cotranscriptional
gene silencing (9), leading to rapid H3K9me spreading. Multiple
regulatory pathways are involved in controlling H3K9me generation,
whose dysregulation is closely related to cancer, neurodegenerative,
and viral diseases in humans (5, 10-12). Related pathways include
H3K9 demethylation (13-17), H3K9 acetylation (H3K%ac) occlu-
sion and deacetylation (18-24), and Argonaute (Agol)-small RNA-
dependent (7, 25-32) or -independent (24, 33) methyltransferase
localization. These pathways precisely control H3K9me deposition
and prevent aberrant heterochromatin deposition and deleterious
gene silencing.

In addition to the above regulatory pathways, direct tuning of
the histone methyltransferase (HMTase) activity that catalyzes
H3K9me is indispensable for controlling H3K9me deposition. In
Schizosaccharomyces pombe (S. pombe), which serves as a paradigmatic
model organism for understanding the establishment and inheritance
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of heterochromatin, the sole H3K9 HMTase belonging to SUV39 su-
perfamily, Clr4, undergoes automethylation at K455 and K472. This
automethylation releases Clr4 from its intrinsic autoinhibitory state,
which is necessary for appropriate heterochromatin establishment and
epigenetic stability (34). Besides being activated by automethylation,
the HMTase activity of Clr4 is strongly promoted by H3K14 ubiquiti-
nation (H3K14Ub) (35, 36), which is catalyzed by the Clr4-containing
Clr4-Rik1-Cul4 methyltransferase complex (CLRC) (37-39). The
stimulatory effect of H3K14Ub on Clr4 is considerably more pro-
nounced than that of the Clr4 automethylation (34, 40). Intriguingly,
bioinformatics analysis suggested that Clr4 lacks a ubiquitin-binding
domain, and experimental evidence indicates that it does not sense
free ubiquitin (40). The mechanism underlying the substantial stimu-
latory eftect of H3K14Ub on Clr4 activity remains unknown.

Here, we determined the crystal structures of Clr4 bound to ubig-
uitinated and unmodified H3 peptides at resolutions of 2.60 and
2.39 A, respectively. Combined with the results of biochemical ex-
periments, our findings reveal the molecular mechanism underlying
the synergistic effects of affinity and turnover enhancement that re-
sults in significant stimulation by H3K14Ub. Specifically, compared
with the faint increase in substrate recruitment induced by Clr4 auto-
methylation, H3K14UDb substantially enhances the affinity of Clr4 for
substrate. The ubiquitin constrained by the isopeptide bond linkage at
the H3K14 position forms multivalent interactions with the Clr4 cata-
lytic domain, stabilizing substrate binding and rapidly promoting
H3K9me2/3 deposition. Moreover, our findings indicate that the pre-
viously reported automethylated state of Clr4 requires additional
allosteric changes to transition into the “catalyzing state,” which is
characterized by conformational changes in the compact aC-SET
[Su(var), enhancer of zeste, trithorax]-insertion (SI) region, complete
release of the autoregulatory loop (ARL), and retraction of the $9/10
loop. Furthermore, H3K14UDb facilitates substrate turnover by pro-
moting the transition of Clr4 to a hyperactive catalyzing state, primar-
ily through nascent interactions and conformational changes within
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the structural elements surrounding the 9/10 loop. Our work eluci-
dates the continuous conformational changes occurring during the
disinhibition of Clr4 via automethylation, substrate recruitment, and
stimulation by H3K14UDb, thereby advancing our understanding of
the regulation of H3K9me.

RESULTS

Functional interplay of Cir4 activation by H3K14Ub

and automethylation

Our work began with biochemical reconstitution of the H3K14Ub-
mediated stimulation of H3K9me in vitro using full-length Clr4
(residues 1 to 490) or the Clr4 lysine methyltransferase (KMT) do-
main (residues 192 to 490) with truncation of the N-terminal CD
(residues 1 to 70) and the disordered hinge region (residues 71 to
191) (Fig. 1B). H3K14 ubiquitinated and unmodified histone H3 N-
terminal tail (residues 1 to 20) (hereafter referred to as Ub-H3t and
H3t, respectively) were chemically synthesized as substrates (figs.
S1A and S2, A and B). HMTase activity assay of full-length Clr4 and
the KMT domain on H3 tail substrates indicated that H3K14UDb sig-
nificantly increased the production rate of S-adenosylhomocysteine
(SAH) (fig. S1, B and F). The rate of Clr4 automethylation is signifi-
cantly slower than that of substrate methylation, rendering its con-
tribution to SAH production negligible in the context of our assays
(fig. S2F). The results validate the significant stimulatory effect of
H3K14Ub on Clr4 methyltransferase activity (35, 40).

Next, we explored the functional interplay between the activation
of Clr4 methyltransferase activity by K455/K472 automethylation
and H3K14Ub. Previous work (34) constructed Clr4 hypoactive
mutant-K455R/K472R, which is unable to be automethylated and
released from the ARL-mediated autoinhibition, and hyperactive
mutants-K455A/K472A eliminating the interaction between ARL
and the catalytic site or K455W/K472W being too bulky to fit into
the catalytic site, hence destabilize the autoinhibited conformation.
The average methyl transfer rate per micromolar Clr4 calculated di-
rectly from the end point quantity of SAH showed that automethyl-
ation of Clr4 (fig. S3, A and B) and automethylation-mimicking
hyperactive mutations activate the catalysis of both unmodified and
ubiquitinated substrates (fig. S1B). In turn, the average methyl trans-
fer rate of automethylated Clr4 can be further elevated by H3K14Ub
for approximately 50 folds (fig. S1B). In addition, immunoblotting of
methylated Lys showed that the presence of neither H3t nor Ub-H3t
had any discernible effect on the Clr4 automethylation level, imply-
ing independence between the two processes (fig. S1C). Collectively,
the influences of the Clr4 automethylation and H3K14Ub are cumu-
lative, collaborating to regulate Clr4 activity.

The above measurements revealed that the activating effects of
Clr4 automethylation and hyperactive mutations on methylation cataly-
sis were significantly inferior to those of H3K14Ub. We conducted
Michaelis-Menten kinetics experiments to analyze stimulatory effects
quantitatively (Fig. 1A). The Clr4 automethylation-mimicking muta-
tion resulted in only a 2.9-fold increase in substrate affinity [Michaelis
constant (Ky) = 26.5 + 1.2 pM versus wild-type (WT) K, = 75.8 +
6.5 pM] and an 8.5-fold enhancement of methylation turnover
(keot = 0.820 + 0.017 min~" versus WT ke = 0.0969 + 0.0052 min~Y).
In contrast, the H3K14Ub significantly enhanced both the substrate
affinity by 135.6-fold (K, = 0.559 + 0.052 pM versus unmodified
Kn="75.8 + 6.5 uM) and turnover by 188.8-fold (k¢ =18.3 +£0.5 min™!
versus unmodified k., = 0.0969 + 0.0052 min ") in H3K9me, resulting
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in a 1061.5-fold increase in the specific constant ke,/Ki, (32.8 min!

uM™!) compared with that of the Clr4 automethylation-mimicking
mutation (0.0309 min~" uM™"). These results indicated that the stimu-
latory effects of the reaction by H3K14Ub are more pronounced
than that of Clr4 automethylation in terms of substrate affinity and
intrinsic Clr4 activity.

Crystal structures of Cir4 bound to H3K14Ub or unmodified
H3 peptide

To elucidate the structural mechanism of the significant stimulatory
effect of H3K14UD on Clr4, we cocrystallized the catalytic KMT do-
main [composed of the N-terminal subdomain (NT), pre-SET, SET
catalytic core, and post-SET subdomains] with the H3K14 ubiquiti-
nated or unmodified H3 N-terminal tail peptide in the presence
of S-adenosylmethionine (SAM). However, our initial attempts to
crystallize the complex using a chemically synthesized homoge-
neous isopeptide-linked ubiquitinated H3K14 tail as a substrate
were unsuccessful. After extensive optimization, including testing
various covalent linkage strategies for ubiquitin and truncation of
the H3 peptide, we succeeded in obtaining a crystal structure when
we used a substrate mimic with an H3 N-terminal tail peptide (resi-
dues 3 to 19) and ubiquitin attached to K14 via a disulfide bond
(Fig. 1B). This disulfide bond-mimicking strategy has been validated
in previous ubiquitin-linked systems (41, 42). Specifically, K14 of
H3 (3-19) was mutated to Cys to attach Ubgyec, and K9 was re-
placed with norleucine (Nle), which leads to SAM-dependent high
affinity to Clr4 catalytic pocket and was widely used in MTase struc-
tural studies (figs. S1D and S2, C and D) (43-45). Compared to the
native K14-ubiquitinated substrate, the disulfide bond-linked sub-
strate exhibited comparable affinity in the isothermal titration calo-
rimetry (ITC) test dissociation constant (Kp) = 133 + 13 pM for the
disulfide-bond substrate versus Kp = 115 + 18 pM for the isopeptide-
bond substrate) (fig. SIE) and comparable stimulation efficiency
(figs. SIF and S2E). Last, a 2.60-A complex structure of the Clr4
KMT domain bound to H3 (3-19)xonte-k14c-Ubgrsc (fig. S2G), and
a2.39-A complex structure of the Clr4 KMT domain bound to H3
(3-19)konle-k14c Without Ub modification (Fig. 1B) were resolved
(hereafter abbreviated as the KMT-Ub-H3 and KMT-H3 structures,
respectively) (figs. S4, C to Hand S5, A to G and table S1).

In these two complex structures, the H3-derived substrates and
the SAM cofactor exhibit a 1:1:1 stoichiometry in their binding to
the surface of the ovoid-shaped KMT domain. (Fig. 1, C and E). The
KMT-Ub-H3 complex assembled into space group P2,2;2; and
KMT-H3 assembled into P22;2;. Each asymmetric unit of the two
crystals contains two (P2,2,2;) copies and one (P22,2,) copy of the
complex, respectively. For the crystal structure of the KMT-Ub-H3
complex, two copies of the complex adopt highly similar conforma-
tions and interfaces (fig. S5A). In our structures, the KMT domain
adopts a global conformation similar to that of the apo form [Protein
Data Bank (PDB): 6BOX] (34) with a root mean square deviation
(RMSD) of ~0.37 A across 221 pairs of Ca (fig. S4A). The H3 N-
terminal tail peptide inserts into a histone-binding groove and strad-
dles the SET subdomain of KMT, resulting in an interaction surface
area of more than 2000 A, The section of the histone-binding groove
near the catalytic active site is negatively charged since the acidic
residue-rich SI region forms the outer “wall” of the groove and inter-
acts with residues R8 to G13 of the H3 N-terminal tail (Fig. 1, D and
F). The SAM cofactor is located on the larger side of the ovoid struc-
ture, embedded in the SAM pocket of the SET domain, with the
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Fig. 1. Biochemical reconstruction and global structures of complex KMT-Ub-H3 and KMT-H3. (A) Michaelis-Menten curves of the full-length Clr4 (without auto-
methylation) methylation reaction with ubiquitinated (left) or unmodified (right) peptide as the substrate, and automethylation-mimicking Clr4 as the enzyme (n = 4,
error bars indicate SD). (B) Construction of the complex KMT-Ub-H3 and KMT-H3 and their resulting crystal structures: KMT-H3 on the right and KMT-Ub-H3 on the left.
Domains and subdomains in Clr4 (top), H3 (in magentas), and ubiquitin (in yellow) are distinguished by different colors, and the colors in this picture correspond to the
colors of the surface in the following structure figures. (C and E) Global structure of KMT-H3 complex and KMT-Ub-H3 complex, the surface of domain KMT is colored
through different subdomains, histone H3 is shown in magentas, and the Ub is shown in yellow. (D and F) The surface electrostatic diagram of KMT in KMT-H3 and KMT-
Ub-H3 structures, the H3 and Ub are still displayed in cartoon, and the SAM is represented by sticks.
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post-SET subdomain covering above as a lid. Moreover, local alloste-
ric changes are observed in certain structural elements such as the
aC helices (residues 366 to 372), the SI region (residues 371 to 394),
and the ARL (residues 453 to 472) (fig. S4, A and B).

Notably, in the KMT-Ub-H3 structure, the Ub moiety is clearly
visible and docks with the KMT domain on the opposite side of
the SAM-binding pocket, forming extensive interfaces, which are
1542 and 1559 A? in two NCS units, respectively. The C-terminal
tail of Ub extends to the histone-binding groove along a neutral-
hydrophobic canyon, sandwiched between the acidic pre-SET and
SI region (Fig. 1F).

Conserved ClIr4 residues in the histone-binding groove
contribute to activity and selectivity

The N-terminal tail of histone H3 extensively interacts with the SET
subdomain within the KMT domain. Most of these contacts involve
residues A7 to K14 of H3, which are situated within a narrow groove
formed by the parallel acidic SI region, the C terminus of Clr4, and
the initial segment (*'YAGA**) of ARL (Fig. 2, A and B, and fig. S6,
A and D). Within this groove, L382, D384, and D386 in the SI region
form hydrogen bonds with the backbone of the H3 tail. The guani-
dine group of H3 residue R8 is further stabilized by hydrogen bonds
with the side chains of D371 and D384 of Clr4. In addition, the
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Fig. 2. Conserved interactions between Clr4 KMT and H3 N-terminal peptide. (A) Residues that form quadrangular clamp construct surrounding R8 and interact with
the Kyie9 backbone. H3 is in magentas, and residues of Clr4 in the KMT-Ub-H3 are represented by cyan sticks, while in KMT-H3 are green. (B) CIr4 residues that contact with
the H3 1°STGG' in the KMT-Ub-H3 structure and KMT-H3 structure. (C) Conformation of SAM and KNle9 binding with the Clr4 catalytic pocket/site in KMT-Ub-H3 structure.
(D) Evolutionary conservation of residues in Clr4 between homologous proteins, conserved residues appear redder on the surface of KMT. The conserved Sl region and
post-SET C terminus are marked by the yellow circle. The picture on the right shows the evolutionary tree and sequence alignment between SUV39 family proteins, the
conserved Sl region and catalytic pocket are marked by orange and red triangles. (E) Comparison of H3 conformation among structures of Suv39 proteins binding with
H3 N-terminal tail. H3 in our structure is in magenta, while the H3 binding with DIM5 (PDB: 1PEG) is in purple, binding with G9a (PDB: 5JIY) is in pale green, and binding
with GLP1 (PDB: 2RFl) is in wheat. (F and G) Chemiluminescence HMTase activity assay measuring SAH production during the WT Clr4 or Clr4 accommodating mutations
in histone-binding groove or catalytic site catalyzing substrate (F) Ub-H3t and (G) H3t methylation (n = 3, error bars indicate SD; ***,0.0001 < P < 0.001; **#%*, P < 0.0001),
SDS-PAGE gels of the reactions are provided in Supplementary figures.
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carbonyl oxygen of A367 and the hydroxy group of T395 interact
with the guanidine group of R8, forming a quadrangular clamp
structure that secures this residue (Fig. 2A and fig. S6, B and E).
These interactions contribute to the substrate H3K9 specificity of
Clr4, as the enzyme selectively recognizes an RK core motif within
the histone tail. H3 Kxe9 is positioned within the catalytic pocket of
Clr4, where its backbone along with the backbone of S10 forms
main-chain hydrogen bonds with the SI region. The carboxy group of
D386 further forms polar contacts with the hydroxy groups of H3
residues S10 and T11 (fig. S6, C and F).

The side chain of histone H3 K9y, inserts into a hydrophobic
tunnel and attacks the S-methyl group of SAM (Fig. 2C and fig.
S6G), which is consistent with the active site conformations of other
H3K9-specific HMTase. Four aromatic residues (Y357, F383, F449,
and Y451) within the aromatic catalytic site surrounding the side
chain of K9y, are highly conserved among various Clr4 homologs
in eumycetes and higher living organisms, such as Arabidopsis thaliana,
Drosophila melanogaster, Mus musculus, and Homo sapiens (Fig. 2,
Cand D, and figs. S6, G and H). Besides the classic catalytic site, the
acidic SI region is also conserved among H3K9-specific HMTases
(Fig. 2D). Compared with the substrate-binding structure of Clr4
homologs like DIM5 in Neurospora crassa (46), G9a (47), and GLP1
(48) in H sapiens, the conformation of H3 residues 7 to 13 in our
structure is similar, and the SI region adopts a concerted recognition
behavior when it is tightly interdigitated with residues 7 to 13 of the
H3-tail peptide (Fig. 2E). This observation suggests that the H3K9-
specific HMTases preserve H3K9 recognition patterns and selectiv-
ity across various species throughout evolution.

To validate the interfaces between Clr4 and H3, we introduced
single or double alanine mutations at key interface residues of Clr4
and tested the catalytic behavior of these mutants using unmodified
or ubiquitinated H3 N-terminal tail (1 to 20) (H3t and Ub-H3t). We
found that alanine mutations of either SI region residues (D371,
D384, and D386), whose side chains are involved in hydrogen bond
formation, or residues at the catalytic site (Y357, F383, F449, and
Y451) weakened the methylation activity, regardless of whether the
substrate was unmodified H3 or ubiquitinated H3 (Fig. 2, F and G,
and fig. S7, A and B). Therefore, our structural and biochemical re-
sults indicate that the highly conserved interactions between the
Clr4 histone-binding groove and H3 (residues 7 to 14) are critical
for selective substrate binding and methyltransferase activity.

Clr4-Ub interfaces are crucial for the stimulation

We next focused on the structure of the KMT-Ub-H3 complex, in
which the Ub moiety resembles a balloon tied to a string (Fig. 3A
and fig. S5A). The interfaces between Ub and Clr4 can be catego-
rized into three distinct regions (Fig. 3A): First, the canonical Ub
interacting spots, including residues L8, 144, V70, and the aliphatic
portion of the K6 side chain, create a hydrophobic pocket that ac-
commodates F256 on Clr4 loop 2. Clr4 residue F256 is further sta-
bilized by n-n interaction with Ub residue H68 (Fig. 3B and fig.
S8A). Second, R42 and Q49 of UDb are inserted into an acidic pocket
of the pre-SET domain. R42 forms salt bridge interactions with Clr4
D281 and forms a hydrogen bond with $258, whereas Q49 contacts
with Clr4 D280 (Fig. 3C and fig. S8, B and D). The third interface is
at the C-terminal tail of Ub (residues 70 to 76), whose main chain
along with the side chains of V70 and L73, lies in the neutral-
hydrophobic canyon, which starts from F256 of Clr4 and extends to
the histone-binding groove. Meanwhile, the side chain of R72 is
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fastened to the acidic pre-SET base through two salt bridge interac-
tions with D280 and D281 (Fig. 3D and fig. S8, C and E).

The importance of the Clr4-Ub interface was assessed by evalu-
ating the impact of Clr4 mutations. The Clr4 F256A mutation,
which diminishes hydrophobic interactions, reduced the HMTase
activity of Ub-H3t by 60% (Fig. 3E, top, and fig. S7C). Mutations
in the pre-SET acidic pocket (D280A/D281A) strongly impaired
HMTase activity by 82%. In contrast, these Clr4 mutants (F256A and
D280A/D281A) did not affect H3K9me activity on unmodified H3t
(Fig. 3E, bottom, and fig. S7C). We also conducted thermoshift ex-
periments and revealed that the melting temperature (ATy,) of these
mutants significantly decreased when binding to the ubiquitinated
H3 tail, indicating the importance of these interfaces for ubiquitin
binding and thermodynamic stabilization of Clr4 (fig. S8G). Fur-
thermore, Clr4 methylation activity was noticeably decreased on the
Ub-H3t substrate bearing mutations in the Ub R42 anchor (R42A),
144/L8 patch (L8R/H68A, L69A/V70A), and C-terminal tail (L71A/
L73A, R72A/R74A). Mutation of R42 led to the most significant de-
crease in the ability to be methylated (92%), while that of the other
four mutants was reduced by 22~89% (Fig. 3F and figs. S7D and S9,
A to E). Further measurement of the binding affinity between the
above Ub-H3t variants and Clr4 by ITC revealed Kp values ranging
from 0.239 to 1.46 pM, which are much lower than that of the WT
substrate (0.115 + 0.018 pM) (Fig. 3G and fig. S8F). Collectively,
these findings indicate that the interfaces between Clr4 and H3K14
ubiquitin are crucial for substrate recognition, enzyme stabilization,
and methylation stimulation.

Validation of the key roles of the Cir4-H3 and CIr4-Ub
interfaces in vivo

To validate the pivotal roles of the Clr4-H3 and Clr4-Ub interfaces
identified in our crystal structure in the context of Clr4 function
in vivo, we constructed S. pombe cells that express endogenous FLAG-
tagged Clr4 mutant proteins with single or double substitutions at
the Clr4-H3 (Y357A and D384A) and Clr4-Ub interfaces (F256A
and D280A/D281A) (fig. S10A). Clr4-mediated heterochromatin
deposition and gene silencing were examined using an ade6" re-
porter transgene inserted within the heterochromatic mat locus.
The propagation of surrounding heterochromatin leads to the si-
lencing of ade6”, resulting in red colonies on low-adenine plates.
Our experiments showed that disruption of the catalytic pocket
(Y357A) and histone-binding groove (D384A) completely abol-
ished the heterochromatin deposition, yielding colonies as white as
those observed with the previously reported Clr4 dead mutant
(Y451N) (Fig. 3H) (40). This outcome underscores the essential
roles of both the histone-binding groove and Clr4 methylation ac-
tivity in Clr4-mediated heterochromatin deposition.

In addition, mutations at the Clr4-Ub interfaces (F256A and
D280A/D281A) resulted in a significant decrease in silencing, as evi-
denced by light pink to white colonies (Fig. 3H). Consistent with the
observed phenotype, H3K9me3 levels in nuclear chromatin were sub-
stantially decreased in the Clr4 knockout/dead cells as well as in
strains with histone binding-eliminated Clr4 mutants (D384A and
Y357A), whereas mutations (D280A/D281A and F256A) in the Ub-
binding interface also resulted in a reduction in H3K9me levels (fig.
$10,Band C). Besides the heterochromatin deposition at mat2P::ade6*
reporter, other constitutive heterochromatic domains were also inves-
tigated. Reverse transcription quantitative polymerase chain reaction
(qPCR) was performed to measure the transcript levels of the
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pericentromeric dg/dh repeats and subtelomeric marker gene tlh1 in
S. pombe strains mentioned above. Transcript levels of dh/dg and tlh1
were activated by three orders of magnitude relative to WT in knock-
out strains, Clr4 catalytic pocket mutant Y357A, Y451N strains, and
histone-binding groove mutant D384A strains. Meanwhile, the Ub-
binding interface mutated (F256A and D280A/D281A) strains also
significantly impair the suppression of transcription, as the transcript
level of dh/dg and tlh1 increased by two orders of magnitude (fig.
S10D). These findings indicate that the Clr4-Ub interfaces are impor-
tant for the regulation of heterochromatin deposition and transcrip-
tion suppression, while the disruption of Ub interactions still allows
minimal heterochromatin formation.

Essentiality of the H3K14-specific junction for
ubiquitin-mediated stimulation

Notably, the interaction between Clr4 KMT and free ubiquitin was
undetectable in the ITC experiment (fig. S8H), which is consistent
with previous findings that Clr4 does not sense free ubiquitin to fa-
cilitate H3K9me (Fig. 4A and fig. S11A) (40). These findings suggest
that the stimulatory effect of ubiquitin is contingent on its linkage to
H3K14. We therefore hypothesized that the binding of ubiquitin to
KMT is constrained by the H3K14 junction, which in turn enhances

binding affinity by stabilizing the enzyme-substrate complex. In
alignment with this hypothesis, the presence of free ubiquitin did
not influence the change in the AT, of the complex in the thermal
shift assay (Fig. 4B and figs. S12A and S11, C and D). Further-
more, extending the C-terminal tail of ubiquitin with an AEEA {[2-
(2-aminoethoxy) ethoxy] acetic acid} linker (fig. S12C) led to an
approximately 25% reduction in methyltransferase activity with the
Ub-AEEA-H3t substrate (Fig. 4A) and a 1.12°C decrease in ATy,
compared with that of the native Ub-H3t substrate (Fig. 4C and figs.
S11B and S12B). This result suggested that a less constrained ubiq-
uitin motif resulted in reduced thermodynamic stabilization and
consequently weaker activation of Clr4.

In our KMT-Ub-H3 complex structure, the distance from the
catalytic site to the point where the histone-binding groove inter-
sects with the neutral-hydrophobic canyon is approximately 16 A.
This distance is slightly shorter than that of an extended hexapep-
tide (~19 A, corresponding to residues "KSTGGK'?), as the sequen-
tial Coa—Cax distance is consistently restricted to ~3.8 A (fig. S12E).
Notably, the K14 junction is located at this intersection, allowing the
histone-binding groove to effectively accommodate the extended
configuration of H3 residues K9 to K14 while enabling the C-
terminal tail of Ub to reside precisely within the neutral-hydrophobic
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error bars indicate SD). (B) Thermo-shift assay working on Clr4 KMT binding with Ub-H3t (Knje9), H3t (Knie9), H3t (Knie9) with free Ub. The ATy, was determined by the first
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canyon (Fig. 4D). This recognition mechanism implies that the
stimulatory effect is highly sensitive to the position of the Ub site.
Attempts to fine-tune the UD site, either upstream or downstream of
H3K14, led to impaired methylation activity with the Ub-modified
H3 N-terminal tail (Fig. 4E and fig. S13A), despite only shifting the
junction by two amino acids forward or backward (H3tG¢12-Ub,
H3tPc16-Ub; fig. S13, A and D). This finding highlights the low tol-
erance for alterations in the substrate Ub site.

Furthermore, we investigated biologically relevant ubiquitinated
H3 substrates, including K18 and K23-ubiquitinated nucleosomes in-
volved in DNMT1 recruitment and activation in the context of hemi-
methylated DNA inheritance (NCPuski4ub, NCPhskisup, and
NCPuskasubs fig. S13, B and E to G) (49-51). HMTase assay revealed
that the methylation rates of unmodified nucleosome core particle
(NCP), NCPx3ki1subs NCPi3ka23up, were much lower than that of
NCPyskiaup (Fig. 4F). H3K18ub is also activating albeit to a lesser de-
gree than H3K14ub. This phenomenon closely parallels the previously
reported H3K9me (G9a, SUV39H1/2)-DNA methylation (DNMT1)-
H3K18 Ub (UHRF1) cross-talk network in H. sapiens (52-55).
Especially for Clr4 homologs SUV39H1/2: in DNMT-inhibited cells,
UHRFI catalyzes H3K18 Ub at DNA hypomethylation region, and
then the H3K18Ub can recruit SUV39H1/H2 and promote the
H3K9me (54). The electrophoretic mobility shift assay results indi-
cated that almost all NCPy3k14u was bound to Clr4 at a Clr4 concen-
tration of 0.5 pM, whereas a portion of NCPyskisub, along with
unmodified NCP, persisted as free NCP until the concentration of
Clr4 was increased to 1 to 2 pM (fig. S12D). These results imply that
Clr4 is selectively recruited to H3K14-ubiquitinated nucleosomes.

Allosteric effects during substrate turnover and its
stimulation by H3K14Ub

Next, we compared the structures of Clr4 in the KMT-H3, KMT-
Ub-H3, and apo form to analyze the conformational changes medi-
ated by histone H3 and Ub, respectively, which underlie the
pronounced difference in Clr4 substrate turnover (kc,) observed
during catalysis of unmodified and H3K14Ub-modified substrates.
We first superimposed our KMT-H3 complex structure with the
previously reported Clr4 KMT apo conformation structure (PDB:
6BOX) to identify key conformational changes required for sub-
strate engagement. Structural rearrangements of Clr4 were observed
in four main regions: the ARL (residues 453 to 472), the helix aC-SI
region (residues 365 to 395), the Clr4 C terminus (residues 486 to
490), and the p9/10 loop (residues 423 to 431) (fig. S14, A to B).
Once H3 binds, the ARL, which previously occluded the active site
(34), is released to expose the active site and accommodate the bind-
ing of the H3 N-terminal tail (Fig. 5B). The Clr4 C terminus under-
goes an ~75° rotation with G486 as the vertex, positioning itself
toward the substrate (Fig. 5B). Helix aC (residues 364 to 472) is ro-
tated approximately 9° toward the substrate on the axis of T363,
generating a hydrogen bond between Clr4 D371 and H3 R8 (Fig.
5A). The p-hairpin loop within the SI region (residues 381 to 394)
shifts toward the histone-binding groove by 1.62-A backbone RMSD
to interact with H3 (Fig. 5C). Meanwhile, the $9/10 loop, located at
the center of the neutral-hydrophobic canyon and in close proxim-
ity to the B-hairpin loop (residues 385 to 394) of SI region, under-
goes retraction in the catalyzing state, which facilitates the formation
of a nascent salt bridge interaction between Clr4 residues R428 and
D390 on the p-hairpin loop in SI region (Fig. 5D). These observa-
tions suggest that specific conformational changes within structural
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elements of Clr4 are required for the positioning and alignment of
H3 for methylation.

To further understand how H3K14UD drives the establishment of
a hyperactive state of Clr4, we compared the KMT-H3 complex
structure with the KMT-Ub-H3 complex structure to investigate the
conformational change induced by H3K14Ub, which revealed struc-
tural changes in Clr4 at the $9/10 loop (residues 423 to 431), the be-
ginning of the pre-SET subdomain (residues 254 to 268), and the
onset of the SI region (residues 372 to 378), as well as structural
changes at H3 residues 15 to 19 (fig. S14, C and D). Specifically, H425
in the p9/10 loop, which is well resolved in both the KMT-H3 and
KMT-Ub-H3 structures, undergoes a 180° flip in the KMT-Ub-H3
structure. This flip allows it to engage in a n-x interaction with the
aryl group of pre-SET residue Y305 and form a polar interaction
with the backbone carbonyl oxygen of E306 (Fig. 5E). This interac-
tion may stabilize the retracted conformation of the $9/10 loop in the
ubiquitin-induced hyperactive state. Further experiments involving
the Clr4 H425A mutation demonstrated a significant reduction in
kea for the Ub-H3t substrate, with an approximately fivefold de-
crease (ke = 3.85 + 0.171 min~" versus ky = 18.3 + 0.5 min~" for
WT). This mutation did not diminish the substrate recruitment
(K = 0.254 + 0.048 pM versus Ky, = 0.559 + 0.052 pM for WT) or
affect methylation activity with unmodified H3t (Fig. 5F and fig.
S14E). These results suggest that the allostery triggered by H3K14Ub
and the Clr4 B9/10 loop, along with the induced interactions be-
tween this loop and the pre-SET region, play essential roles in en-
hancing enzymatic turnover.

To identify the requisite conformational alterations that Clr4 un-
dergoes upon binding to the H3K14Ub substrate, we compared the
inactive Clr4 KMT apo structure (PDB: 6BOX) (34) with the hyperac-
tive KMT-Ub-H3 structure. This comparison revealed a steric clash
between the Ub L8 loop and apo-form Clr4 residue F427 (Fig. 5G). In
both the H3-KMT and H3-Ub-KMT structures, F427 is in a retracted
position, forming a nascent hydrophobic pocket that accommodates
the Ub L8 loop. This arrangement, in turn, restricts the $9/10 loop to
the retracted conformation, which may be essential for the hyperac-
tive state of the H3-Ub-KMT structure (Fig. 5G). Further analysis
revealed that the Clr4 F427A mutation, which reduces the spatial size
of the side chain, results in an approximately one-third reduction in
keat (Keat = 6.66 + 0.33 min™" versus ke = 18.3 # 0.5 min™" of WT),
while it does not significantly affect Ky, (K, = 0.528 + 0.092 pM ver-
sus Ky, = 0.559 + 0.052 pM of WT) or basal methylation activity
with unmodified H3t (Fig. 5H and fig. S14E). These findings support
the hypothesis that the newly formed interaction between Clr4 F427
and UD is critical for driving H3K14Ub-mediated activation of
enzymatic turnover.

DISCUSSION

Our study elucidates the molecular mechanism by which H3K14Ub
significantly enhances the catalytic activity of Clr4 in the context of
H3K9me, a process central to heterochromatin formation (I, 4, 5).
Our structural and biochemical analyses revealed a synergistic mech-
anism involving both increased substrate affinity and allosteric acti-
vation (Fig. 6B). First, H3K14Ub dramatically increases Clr4’s affinity
for histone substrate through multivalent hydrophobic patches and
salt bridge interactions between the Clr4 pre-SET subdomain and
ubiquitin. The increase in enzyme-substrate binding is highly spe-
cific to H3K14Ub, highlighting the critical role of this precise
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when superposing apo form Clr4 into the KMT-Ub-H3 structure. Ubiquitin is colored in yellow, and L8 is represented by yellow sticks and surface.

modification site. Second, H3K14Ub triggers a conformational shift
in Clr4, transitioning it to a hyperactive catalyzing state. This state is
characterized by a compacted aC helix-SI region, complete release of
the ARL, and stable retraction of the $9/10 loop, which contribute to
increased substrate turnover. In contrast, Clr4 K455/K472 autometh-
ylation, while contributing to Clr4 activity, demonstrates a less pro-
nounced effect in comparison to H3K14Ub. Collectively, H3K14Ub
acts as a potent dual-function regulator of Clr4, significantly boosting
its activity through enhanced substrate binding and allosteric modu-
lation, thereby playing a crucial role in the efficient establishment
of heterochromatin.

Duetal, Sci. Adv. 11, eadu1864 (2025) 30 May 2025

By aligning our structures of catalyzing state and ubiquitin-
induced “hyperactive state” of Clr4 with the previously resolved (34)
structures of Clr4 before (“autoinhibited state,” PDB: 6BOX) and
after (“activated state,” PDB: 6BP4) automethylation, we propose the
perspective of different levels of conformational regulation mediated
by these two pathways (Fig. 6A). Compared with the apo autoin-
hibited state, Clr4 in the activated state undergoes the relief of the
ARL from the histone-binding groove and stabilization of the helix
aC-SI region mediated by the ARL nascent C-terminal helix (resi-
dues 468 to 473) (fig. S15A). However, the helix aC-SI region and
[39/10 loop remain in unaltered original conformations in the activated
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state, which is different from the catalyzing state (fig. S15, A and B).
The ARL in the activated state structure is supposed to be further
opened when Clr4 is transferred to the catalyzing state. Because the
ARL N terminus (residues 451 to 455) in the activated state struc-
ture remains a steric clash with substrate H3 (fig. S15C) and the
ARL C-terminal helix R469, 1470 would impede the conformation-
al shift of D371, K372, and the formation of D371-R8 hydrogen
bonds (fig. S15C). Briefly, automethylation partially alleviates the
clashes but cannot completely remove them. However, H3K14Ub
induces a hyperactive state, involving the retracted $9/10 loop by
the H425-pre-SET Y305/E306 and F427-Ub L8 interactions, as well
as the shifted SI region contacting with $9/10 loop. Compared with
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automethylation, H3K14Ub adopts a distinct and likely more ade-
quate mechanism to allosterically promote substrate turnover, con-
tributing to the pronounced stimulation of H3K9me.

The identification of Clr4 ubiquitin-binding interfaces provides
valuable insights into the regulation of Ub during gene silencing and
heterochromatin formation. We found that mutation of F256 and
D280/D281 of Clr4 significantly reduces the stimulatory effect of
H3K14Ub on Clr4 activity without affecting its intrinsic H3K9me
activity (Fig. 3E). The combined mutations of these amino acids
present an ideal strategy for uncoupling the cross-talk between
H3K14Ub and H3K9me, enabling the elucidation of the functional
implications of this cross-talk for the downstream pathways
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associated with H3K9me. For example, to investigate the function of
H3K4 demethylation affected by H3K14 acetylation (H3K14ac), a
recent study resolved the structure of the demethylase complex
LSD1-CoREST recognizing H3K14ac, engineered a protein mutant
that can uncouple this cross-talk, and clarified the role of this cross-
talk in cellular adhesion and myeloid leukocyte activation (56). Pre-
vious chromatin immunoprecipitation-qPCR study (40) introducing
multiple mutations to the potential ubiquitin interface on Clr4 in
S. pombe led to a substantial reduction of H3K9me2 and H3K9me3
levels at the dh repeats, as well as a marked increase in the localiza-
tion of RNA polymerase II. These results further substantiate our
conclusion that the mutations on Clr4-Ub interfaces identified here
are promising functional mutants for future biological studies.

Although the crystals of KMT-H3 and KMT-Ub-H3 accommo-
date different crystal packing, the aC helix (residues 366 to 372), the
SI region (residues 371 to 394), the visible part of the ARL (residues
453 t0 472), the Clr4 C terminus (residues 486 to 490), and the $9/10
loop (residues 423 to 431), the primary focus of our work, do not
interact directly with the symmetric molecules in both two crystal
structures (fig. S14, F and G). Consequently, it can be deduced that
these elements are minimally affected by crystal stacking. Further-
more, the conformational changes of the aC helix, the SI region, the
ARL, and the ClIr4 C terminus can be corroborated by previous
structures, and the allostery of the f9/10 loop has been verified
by Michaelis-Menten kinetics experiments of Clr4 H425A and
F427A mutants. Collectively, crystal packing has little effect on our
model interpretation.

Clr4-mediated H3K9me creates binding sites for CD-containing
proteins such as Swi6 (16, 57, 58), facilitating the formation of a re-
pressive chromatin structure. Once a threshold level of H3K9me is
achieved, Clr4 may rapidly diffuse across chromatin through a “read-
write” mechanism mediated by the CD to establish heterochromatin
and gene silencing. Our biochemical and structural analysis sug-
gested that H3K14Ub may play a critical initiator role in the early
establishment of H3K9me in fission yeast. Specifically, (i) the CLRC
ubiquitin ligase complex is recruited by Agol/RNAi-related com-
plexes such as RNA-induced transcriptional silencing complex, fa-
cilitating histone H3K14Ub at specific loci while assisting in the
recruitment of Clr4 (28-32). (ii) H3K14Ub can directly stimulate
Clr4 activity irrespective of whether Clr4 is in an intrinsic autoinhib-
ited state or not. (iii) H3K14UD enables Clr4 to efficiently override
the rate-limiting step (8) from dimethylation to trimethylation ac-
cording to our enzymological kinetic measurement (fig. S15D),
which produces the suitable substrate for the Clr4 CD, promoting
the rapid accumulation of H3K9me3 and enhancing subsequent
H3K9me diffusion. (iv) Ub is a relatively complicated and consum-
able process involving adenosine triphosphate, E1 activating en-
zymes, E2 conjugating enzymes, E3 ligases, and ubiquitin. It seems
difficult for ubiquitin to function as an extensive factor in the rapid
H3K9me diffusion process. Conversely, it is likely to be more suitable
as the “gating” for H3K9 deposition. The integration of these regula-
tory pathways illustrates a sophisticated mechanism ensuring precise
control over heterochromatin formation and maintenance, which is
essential for appropriate gene regulation and chromosomal integrity.

In recent years, multiple structural studies have demonstrated how
histone Ub regulates the activity of HMTases, significantly improving
our understanding of the mechanisms underlying Ub-methylation
trans cross-talk (59-61). For instance, the monoubiquitination of his-
tone H2B (H2BK120Ub) (62-66) and H2B lysine 34 (H2BK34Ub)
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(44, 67) stimulate the methylation activity of DotlL on histone H3
lysine 79 (H3K79) (68, 69) via enzyme positioning and nucleosome
distortion-induced orientation restriction, respectively. H2BK120ub
can promote histone H3 lysine 4 methylation (H3K4me) through al-
losteric COMPASS (70, 71)/MLL (72-77). In addition, histone H2A
lysine 119 monoubiquitination (H2AK119Ub) enhances the recruit-
ment of PRC2 to increase the methylation level of histone H3 lysine 27
(H3K27) (78-80). These studies revealed various mechanisms by
which histone Ub on the histone globular domain of nucleosomes es-
tablishes interchain cross-talk (i.e., in trans cross-talk) with methyla-
tion on nucleosomes. Stimulation of H3K9me by H3K14UDb represents
a form of histone intrachain cis cross-talk that occurs on the histone
tail and is independent of the histone globular domain. Our work pro-
vides structural insights into the ubiquitin-mediated cross-talk within
the “histone tail network’, characterized by a synergistic mechanism
that enhances both affinity and turnover of histone substrate.

It remains to be investigated whether the structural mechanism
of H3K14Ub-stimulated Clr4 is conserved in metazoans. While
Clr4 is the sole H3K9 methyltransferase found in yeast, humans
have various types of Suv39 family methyltransferases responsible
for H3K9me. Notably, evidence of mammalian Suv39 family meth-
yltransferase regulation by Ub has been reported, such as the essen-
tial role of K867 monoubiquitination in the SETDBI1 SI-region for
its enzymatic activity and function (81). The Ub site is close to the
histone-binding groove, but this modification occurs on methyl-
transferases rather than the histone. Thus, further investigation is
needed to elucidate the mechanism of this cross-talk. In addition,
SUV39H2 (also known as KMT1B) was found to be enzymatically
activated by H3K14UDb (40, 54). The structure of SUV39H2 is very
similar to that of Clr4, and especially, the hydrophobic and electro-
static interfaces with ubiquitin are both preserved: Residue F189 of
SUV39H2 may form the same critical hydrophobic interactions
with ubiquitin as Clr4 F256; meanwhile in SUV39H2, the homology
sites of Clr4 D280 and D281 are replaced by 204AE?% and Glu (E)
likewise potentially form a salt bridge with Ub R42 (fig. S15, E and
F). In contrast, none of the corresponding Phe (F) or acidic amino
acids are conserved in the G9a and SUVH4 proteins, which is con-
sistent with the previously reported phenomenon that they do not
sense ubiquitin (fig. S15F). Other acylation modifications have been
reported for H3K14 (82-84). Among them, H3K14ac is a marker of
transcriptional activation (85), functionally similar to H3K9ac,
which opposes the cross-talk of H3K14Ub-H3K9me3 associated
with the heterochromatin formation (86, 87). Exploring how these
acylation modifications affect Ub, heterochromatin formation, and
maintenance of epigenetic traits may provide deeper insights into
the intricate network of regulatory cross-talk mediated by Suv39
family methyltransferases.

Chemical protein synthesis provides a powerful tool for investi-
gating the functions of complex histone modifications (88). By
chemically synthesizing histone substrates with precise modifica-
tions, we can introduce modifications that are challenging to achieve
using traditional biological methods (e.g., recombinant expression)
(89). In this work, this approach has allowed us to generate various
samples for biochemical tests such as ubiquitinated peptides with
native isopeptide bonds, structural analysis samples that mimic cat-
alytic states (e.g., by replacing lysine with Nle), and hypothesis veri-
fication samples such as those constructed with AEEA to artificially
extend peptide bonds (44, 90-93). These synthetically derived sam-
ples enable controlled investigations of the effects of individual
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post-translational modifications on enzymatic activity and chroma-
tin structure, as well as the study of regulatory cross-talk among
multiple modifications. The advancement of these synthetic strate-
gies has significantly improved our understanding of histone modi-
fications and their broader implications for epigenetic regulation.

MATERIALS AND METHODS

Cloning and plasmid construction

The cDNA of S. pombe Clr4 (Suv39h) was synthesized by GenScript
Biotech (Nanjing, China) and subcloned into pGEX6p-1 vector down-
stream the glutathione S-transferase (GST) tag followed by an HRV3C
cleavage site. Clr4 truncations including Clr4-KMT for crystallization
and biochemistry studies, Clr4-ACD, and all the Clr4 mutants (F256A,
D280A/D281A, Y357A, D371A, F383A, D384A, D386A, H425A,
F427A, F449A/Y451A, K455R/K472R, K455A/K472A, and K455W/
K472W) were generated from the Clr4-pGEX6p-1 plasmid by stan-
dard site-directed PCR mutagenesis and homologous recombination,
tagged by GST-HRV3C at N terminus as well. The DNA sequences
encoding the WT Ub and Ubgyec were cloned into the pET22b vector
without tag. All the Ub mutants used in this work (R42A, L8R/H68A,
L69A/V70A, L71A/L73A, and R72A/R74A) were generated from
Ubgrec pET22b plasmid. Genes of histone H2A, H2B, H3 (all Cys to
Ser), and H4, were cloned into pET22b, respectively, without tag. H3
mutants H3xy4c, H3xisc, and H3k,3c were expressed in plasmid de-
rived from H3-pET22b (all Cys to Ser). Meanwhile, the 147-base pair
(bp) Widom 601 DNA we used for nucleosome assembly along with
histones was 64X repeat inserted into a vector. The sequence of 147-bp
Widom 601 DNA is as follows: CTGGAGAATCCCGGTGCCGAG-
GCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTA-
AACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGC-
CAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCA-
GATATATACATCCTGT. At last, the genes of 3xFlag-tagged Clr4 or
Clr4 mutants for in vivo assay were cloned into the pFA6a vector with
hph™ resistance from D. Moazed by homologous recombination, re-
sulting in plasmids pFA6a-hph-clr4up-3xFlag-clr4variants-clr4down
for S. pombe transfection.

Protein expression and purification

Plasmids containing WT full-length Clr4 (or its variants F256A,
D280A/D281A, Y357A, D371A, F383A, D386A, F449A/Y451A,
F427A, K455A/K472A, K455R/K472R, and K455W/K472W) were
transformed into BL21 (DE3) Escherichia coli cells. The E. coli cells
were grown in LB medium containing ampicillin (50 pg/ml) until an
optical density at 600 nm (ODgg) of 0.6. The cells were then in-
duced by 0.4 mM isopropyl B-p-thiogalactopyranoside (IPTG) and
0.1 mM ZnCl, at 16°C for 16 hours. The cells were collected by cen-
trifugation at 4000 rpm for 30 min and then lysed by sonication
in the ice-cold lysis buffer [25 mM Hepes (pH 7.3), 200 mM NacCl,
10 pM ZnCl,, 1 mM dithiothreitol (DTT), and 1 mM phenylmethyl
sulfonyl fluoride (PMSF)]. After centrifugation at 14,000 rpm for
30 min, the supernatant was incubated with glutathione-Sepharose 4B
beads (GE Healthcare) for 2 hours at 4°C. The proteins were eluted
with the elution buffer [25 mM Hepes (pH 7.3), 200 mM NaCl, 10 pM
ZnCl,, 1 mM DTT, and 30 mM glutathione (reduced form, GSH)].
The protein elution was incubated with PreScission Protease and
dialyzed against 25 mM Hepes (pH 7.3) and 100 mM NacCl over-
night at 4°C to remove the GST tag. The proteins were subsequently
loaded into a Source 15S cation exchange column (GE Healthcare)
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equilibrated with the ion-exchange (IEX) buffer A [25 mM Hepes
(pH 7.3) 50 mM NaCl) and then eluted by a gradient of the IEX buf-
fer A and IEX buffer B [50 mM Hepes (pH 7.3) and 1 M NaCl]. The
eluted Clr4 proteins were further purified by a Superdex 75 10/300
GL size-exclusion column (GE Healthcare) preequilibrated in size-
exclusion chromatography (SEC) buffer [25 mM Hepes (pH 7.5)
100 mM NacCl]. The KMT domain of Clr4 [Clr4 (192-490)] and
its variants were purified as described above, except that a Source
15Q anion exchange column (GE Healthcare) was used to purify
the proteins after the PreScission Protease digestion. The proteins
were characterized by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and visualized using a ChemiDoc MP Imaging System
(Bio-Rad).

Ubiquitin and its variants (R42A, L8R/H68A, L69/V70A, L71/
L73A, and R72/R74A) were purified as previously described (44),
and the Gly’® of ubiquitin (or its variants) was mutated to Cys for the
synthesis of disulfide bond-linked Ub substrates. In brief, plasmids
for expression were transformed into BL21 (DE3) competent cells.
Cells were induced by 1 mM IPTG at 37°C overnight and were col-
lected by centrifugation at 4000 rpm for 30 min. The cells were lysed
by sonication in Ub lysis buffer [25 mM Hepes (pH 7.5) and 150 mM
NaCl]. Cell lysates were supplemented with 1% perchloric acid and
then clarified by centrifugation. The supernatant was dialyzed against
0.1% trifluoroacetic acid (TFA) overnight. The dialyzed mixture
was further purified by a Source 15Q anion exchange column (GE
Healthcare). The proteins were characterized by SDS-PAGE and
visualized using a ChemiDoc MP Imaging System (Bio-Rad).

Histones including H2A, H2B, H3 (C96S/C110S), H4, and their
mutants (H3K14C, H3K18C, and H3K23C) were purified as previously
described (44). In brief, histones expressed inclusion body in BL21
(DE3) E. coli cells and were dissolved in the unfolding buffer [6 M gua-
nidinjium chloride (Gn-HCl), 20 mM tris (pH 7.5), and 1 mM DTT].
After centrifugation at 14,000 rpm for 30 min, the clarified supernatant
was dialyzed against 0.1% TFA overnight. The dialyzed mixture was
purified by reversed-phase high-performance liquid chromatography
(RP-HPLC) and characterized by liquid chromatography-electrospray
ionization mass spectrometry (LC-ESI-MS).

Peptides synthesis

Histone H3 N-terminal peptides {H3(1-20) (H3t), H3(1-20)G12c
H3(1-20)x14c, H3(1-20)p16c, H3(3-19) konte-k14c> H3(1-20)KoN1e
[H3t (Knie9)]} and Ub(1-45)NHNH, were synthesized using stan-
dard 9-fluorenyl methoxycarbonyl (Fmoc) solid-phase peptide syn-
thesis (SPPS) protocols under standard microwave conditions (CEM
Liberty Blue). Rink amino resin was used for the synthesis of C-
terminal substrate, while hydrazine resin was used for the synthesis
of hydrazine terminal substrate. The coupling cycle was programmed
as previously reported (94). In brief, 0.5 mg of resin was used for
coupling. Dimethylformamide (DMF) containing 10% piperidine
and 0.1 M oxyma was used for deprotection. Fmoc-protected amino
acids (0.2 M), 0.14 M N,N'-diisopropylcarbodiimide, and 0.7 M
oxyma in DMF were used for amino acid coupling (10 min at 50°C
for His and Cys, 90°C for other residues). After the coupling cycle,
the resin was washed with dichloromethane (DCM) and treated with
the cleavage mixture (1 ml of thioanisole, 1 ml of tri-isopropylsilane,
0.5 ml of 1,2-ethanedithiol, 1 ml of ddH,O, and 16.5 ml of TFA) for
2 hours at 37°C. The crude peptides were obtained by precipitating
the cleavage mixture with cold diethyl ether and then purified by
RP-HPLC and characterized by LC-ESI-MS.
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Synthesis of isopeptide bond-linked Ub substrates

For the synthesis of isopeptide bond-linked Ub substrates H3(1-20)
K14Ub (Ub-H3t), H3(1-20)xen1cK14Ub, H3(1-20)K14AEEAUD
(Ub-AEEA-H3t), and H3 terminal tail peptides [H3(1-20)K14Alloc
and H3(1-20)konicK14Alloc] were first synthesized by SPPS proto-
col, except that a building block of Fmoc-Lys (Alloc)-OH was used
for coupling at position Lys'®. After the coupling cycle, the peptide-
resin was incubated with the butoxycarbonyl (BOC) protection
mixture (di-tertbutyl decarbonate: N,N-Diisopropylethylamine:
DMEF = 1:1:5) for 10 min to add the BOC protecting group at the
N-terminal of the peptide. After protection, the resin was washed by
DCM, and the Alloc protecting group was removed by incubating
with Pd[P (CsHs)3]4 (60 mg) and Ph3SiH (600 pl) in 2 ml of DCM at
37°C overnight. The peptide resin was washed with sodium diethyl-
dithiocarbamate (200 mg) in 40 ml of DMF to remove Pd. The
peptide-resin was then used for SPPS and the e-amino group on
Lys14 can be further coupled with Ub (A46C-76). The products H3
(1-20)K14Ub (A46C-76), and H3(1-20)kon1cK14Ub (A46C-76)
were purified from the resin by using the cleavage mixture as de-
scribed above (95). H3(1-20)K14AEEAUDb (A46C-76) was synthe-
sized as described above, except that Fmoc-AEEA-OH was used as a
building block in the subsequent coupling of the e-amino group on
Lys'* of H3(1-20).

Ala in Ub was mutated to Cys to enable hydrazide-based na-
tive chemical ligation (96) for the next fragment Ub(1-45)
NHNH,. In brief, Ub(1-45)NHNH, (1 pM, 1.0 eq.) was dissolved
in ligation buffer [6 M Gn-HCI and 100 mM NaH,PO, (pH 2.3)]
precooled to —15°C. Then, NaNO; (10 pM, 10 eq.) was added, and
the reaction was stirred for 30 min at —15°C to fully convert the
hydrazide to acyl azide. The mixture was further treated with
4-mercaptophenylacetic acid (50 pM, 50 eq.), and the pH was ad-
justed to 5.0 to convert the acyl azide to thioester. Next, the N-
terminal Cys peptides (1.2 pM, 1.2 eq.) were added into the
mixture. Then, the pH was adjusted to 6.4 and stirred at 37°C
overnight. After the reaction, 50 mM tris (2-carboxyethyl)phos-
phine (TCEP) was added to the mixture to reduce disulfide bonds
and the pH was adjusted to 7.0. The products [H3(1-20)K14Ub
(A46C), H3(1-20)kon1eK14UDb (A46C), and H3(1-20)K14AEEAUb
(A46C)] were then purified by RP-HPLC.

Then, the thiol group of Cys46 in Ub was removed by desulfur-
ization reaction. The peptide was dissolved in a desulfurization buf-
fer [6 M Gn-HCI and 100 mM Na,HPO, (pH 7.4)]. Subsequently,
GSH (230 mg pM ™" peptide), 500 mM TCEP, and 20 mM VA-044
were dissolved in desulfurization buffer and added to the peptide
solution. The pH was adjusted to 7.0, and the reaction solution was
stirred at 37°C overnight. The products were purified by RP-
HPLC. All the proteins (or peptides) involved in this section were
characterized by LC-ESI-MS and lyophilized into powder for the
next use.

To refold the Ub in H3 side chains, 6 mg of freeze-dried products
were dissolved in 6 M Gn-HCl and 100 mM Hepes (pH 7.4). Next,
250 pl of 100 mM Hepes (pH 7.5) was added to reduce the concen-
tration of Gn-HCl to 3 M, and then the solution was dialyzed into a
dialysis buffer [1 M Gn-HCl and 25 mM Hepes (pH 7.5)]. After
6 hours, the dialysis buffer was replaced with no Gn-HCI bufter
[25 mM Hepes (pH 7.5) and 150 Mm NaCl] for the next 6 hours of
dialysis. Last, the product was purified by a Superdex 75 10/300 GL
size-exclusion column (GE Healthcare) preequilibrated in SEC buf-
fer [25 mM Hepes (pH 7.5) and 100 mM NaCl].
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Synthesis of disulfide bond linked Ub substrates

H3 peptides containing Cys mutation [H3(1-20)g12c, H3(1-20)k14c,
H3(1-20)p16c, H3(3-19)kontek 140, H3k140, H3kisc, and H3ka3c] were
concentrated to 10 mg/ml in disulfide ligation buffer [6 M Gn-HCI
and 100 mM Hepes (pH 7.5)]. Then, 5,5'-dithiobis- (2-nitrobenzoic
acid) [Sigma-Aldrich; 3.0 eq., from 0.1 M stock solution prepared in
25 mM Hepes (pH 7.5) and 100 mM NaCl] was added. The reaction
was placed at room temperature for 1 hour and quenched by adding
HCl to adjust the pH to 1.0. All the H3-S-TNB products were purified
by RP-HPLC and lyophilized into powder for the next use.

The product H3-S-TNB (10 mg/ml, 1.0 eq.) and UbG76C (10 mg/
ml, 1.0 eq., or its variants) were separately dissolved in the disulfide
ligation buffer. Next, the UbG76C solution was titrated to the H3-S-
TNB solution and the pH was adjusted to 7.0. The reaction was
bathed at 30°C water for 15 min and quenched by adding HCl to ad-
just the pH to 1.0. All the H3-Ubgzec products [H3(1-20)G12c-
Ubgrsc (also noted as H3tGcl12-Ub), H3(1-20)kisc-Ubgrsc
H3(1-20)p16c-Ubgrsc (also noted as H3tPc16-Ub), H3(3-19)konle-
k1ac-Ubgzsc, H3(1-20)k14c-Ubgrec (R42A), H3(1-20)k14c-Ubgrsc
(L8R/H68A), H3(1-20)k14c-Ubgrec (L69A/V70A), H3(1-20)k1ac-
Ubgrec (L71A/L73A), H3(1-20)k14c-Ubgrsc (R72A/R74A), H3x14c-
Ubg76c, H3Klgc-UbG7gc, and H3K23C‘UbG76C] were puriﬁed by
RP-HPLC and lyophilized into powder for the next use.

The refolding of the Ub modified on H3t was performed as de-
scribed above. The full-length H3-Ubgzsc (H3x14c-Ubgrec, H3k1sc-
Ubgrec, and H3kp3¢-Ubgrec) will be refolded in the process of
octamer reconstitution and assembled into NCP3x140b, NCPH3k18Ubs
and NCPr3k230b.

Crystallization and structure determination

For the crystal structure of KMT-Ub-H3, the Clr4 KMT, H3(3-
19)kontek14c-Ubgrsc, and SAM were incubated in the ratio of 1:1.05:5
at a final KMT concentration of 24.5 mg/ml for 6 hours, 4°C.
Crystallization was under 291 K with sitting-drop vapor diffusion.
The complex was first crystallized in the reservoir buffer of 20%
polyethylene glycol, molecular weight 1000 (PEG-1000), 100 mM
imidazole, and 200 mM CaAc, (pH 7.0) (1:1). The initial crystals
were broken down by ultrasonication in the reservoir buffer and
then used as seeds in the crystallization system consisting of 0.5 pl of
protein complex solution and 0.5 pl of 18 to 20% PEG-1000, 100 mM
imidazole, and 200 mM CaAc2 (pH 7.0). The KMT-H3 complex
sample was obtained by incubating the KMT, H3(3-19)koNiek14C>
and SAM at 1:10:10 with KMT (20 mg/ml). Satisfying crystals were
also grown under 291 K with sitting-drop vapor diffusion, in the
reservoir solution containing 0.1 M magnesium chloride hexahy-
drate, 0.1 M MES (pH 6.0), and 8% w/v PEG-6000. All harvested
crystals were cryoprotected in the solution with 10% glycerol in the
respective reservoir solution and preserved in liquid nitrogen.

Both the diffraction of the crystals of KMT-Ub-H3 and KMT-H3
complex was collected under the wavelength of 0.979176 A and
temperature of 100 K at the SSRF BEAMLINE BL02U1 of Shanghai
Synchrotron Radiation Facility. Raw diffraction data KMT-Ub-H3
and KMT-H3 complex were processed and scaled by Aimless 0.7.4
(97) and HKL2000 (98), respectively. We used the previously reported
apo WT Clr4 KMT structure (PDB 6BP4) and Ub crystal struc-
ture (PDB 1UBQ) for molecular replacement phasing in PHENIX
1.19.2_4158 (99). The model building was visualized and operated
by COOT (100), and collection and refinement statistics of our
structures are presented in table S1.
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Enzyme/substrate mutation methyltransferase assay

The methyltransferase activity of WT Clr4 or its variants (F256A,
D280A/D281A, Y357A, D371A, F383A, D384A, D386A, H425A,
F427A, F449A/Y451A, K455A/K472 A, K455R/K472R, and K455W/
K472W) was detected by the MTase-Glo Methyltransferase Assay
(Promega Corporation). In brief, 40 pl 2X enzyme solution [100/400 nM
WT Clr4 or its variants (400 nM Clr4 was used when the substrate
was unmodified H3t while 100 nM Clr4 for Ub-H3t), 80 pM SAM,
10 pM ZnCl,, diluted by SEC buffer] and 40 pl 2Xx substrate solution
(80 pM H3t or 4 pM Ub-H3t, diluted by SEC buffer) were incubated
at 30°C and then were mixed as the start of the reaction. The mixed
solution was taken 8 pl at 0 min, 10 min, 20 min, or 1 hour and sub-
sequently added into 384-well solid white assay plate prefilled with
2 1l 0.5% TFA at each time point to stop the reaction. Each well of the
assay plate was added 2 pl 6x MTase-Glo reagent and incubated at
room temperature for 30 min. Then, each well of the assay plate was
added 12 pl 2x MTase-Glo Detection Solution and incubated at
room temperature for 30 min. After the incubation, the lumines-
cence was measured by using a plate-reading luminometer (BioTek).
The influence of substrate variants in the Clr4 methyltransferase ac-
tivity was detected in a similar protocol to that for Clr4 variants, ex-
cept that only the WT Clr4 was used in 2X enzyme solution and the
substrate variants [Ub-H3t mutants, H3tGc12-Ub, H3tPc16-Ub,
Ub-AEEA-H3t, NCP (2 pM), NCPys14up (2 tM), NCPyskisup (2 M),
and NCPysko3up (2 pM)] were used in 2X substrate solution.

The production of SAH was calculated by a standard curve using
serial dilutions of SAH. The protocol was described as follows. SAH
(2 pM) was serially diluted to half the concentration each time in the
range of 2 to 0 pM (2, 1, 0.5, 0.25, 0.125, 0.063, 0.031, and 0 pM, 8 pl
each sample). Consistent with the above processing, 2 pl of 0.5%
TFA, 2 pl of 6x MTase-Glo reagent, and 12 pl of 2x MTase-Glo De-
tection Solution were added and incubated for the corresponding
time. The luminescence was measured by the plate-reading lumi-
nometer. The standard curve was generated by plotting lumines-
cence (y axis) against SAH concentration (x axis) so that the linear
equation was established.

Automethylated Clr4 was performed as in the previous report
with minor modifications (34). In brief, 2.4 pM Clr4 or its variants
were dialyzed in the HMT buffer [50 mM tris-HCI (pH 8), 20 mM
KCl, 10 mM MgCl,, 1 mM DTT, 0.02% Triton, 5% glycerol, and
1 mM PMSF] supplemented with 250 pM SAM overnight at room
temperature with mild agitation and then were dialyzed in the SEC
buffer for 6 hours. After incubation, the methyltransferase activity
of Clr4 was analyzed as described above.

Determination of K,

K., of WT Clr4 (or its variants Clr4-H425A, F427A, and K455A/
K472A) with its substrates (Ub-H3t or H3t) was also determined
by using MTase-Glo Methyltransferase Assay. Ub-H3t was seri-
ally diluted in SEC buffer with the concentration in a range of
16 to 0 pM (16, 8, 4, 2, 1, 0.5, 0.25, 0.125, and 0 pM, 55 pl of each
sample) to prepare a series of substrate solution. Enzyme solution
(2%, 20 nM Clr4 or its variants, 160 pM SAM, and 2 pM ZnCl,,
diluted by SEC buffer) and 2x substrate solution were incubated
at 30°C. Then, each substrate solution was added with 55 pl 2x
enzyme solution to start the reaction. The reaction solution was
taken for 8 pl at 6 min and then subsequently added into a 384-
well solid white assay plate prefilled with 2 pl of 0.5% TFA to stop
the reaction. Consistent with the methyltransferase assay, 2 pl of
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6X MTase-Glo Reagent, and 12 pl of 2x MTase-Glo Detection So-
lution were then added and incubated for the corresponding time.
When the substrate was H3t, the experiment process was the
same as that of Ub-H3t, except that the enzyme concentration of
2x enzyme solution was changed to 200 nM and the concentra-
tion of 2X substrate was changed to a range of 128 to 0 pM and the
sampling time was changed to 60 min.

The luminescence was measured by the plate-reading luminom-
eter. The production of SAH was also calculated by an SAH standard
curve as described in the methyltransferase assay. Data fitting and
analyses were performed using GraphPad Prism 9.0.

ITC analysis

The ITC data were collected using a MicroCal PEAQ-ITC (Malven
Pananlytical). Clr4 KMT and ligands [Ub, Ub-H3t, H3(1-20)x4c-
Ubgrec, H3(1-20)k14c-Ubgrec (R42A), H3(1-20)k14c-Ubgrec
(L71A/L73A), and H3(1-20)x14c-Ubgrsc (L8R/H68A)] were buffer-
exchanged into dialyzed overnight against ITC buffer [25 mM
Na,HPO, (pH 7.5) and 100 mM NacCl] before the experiments.
For the experiments, 300 pl of 20 pM substrates solution in the
sample cell was titrated with 200 pM Clr4 KMT solution through
19 injections (2.0 pl each) at 25°C and 750 rpm stirring speed. Data
fitting and analyses were performed using PEAQ-ITC instrument
client software.

Thermo-shift assay

The thermos-shift of Clr4-KMT banding with substrates was evalu-
ated using an UNcle all-in-one biologics stability screening platform
(Unchained Labs). Clr4-KMT (60 pM, 1 eq.), SAM (600 pM, 10 eq.),
and a corresponding substrate (60 pM, 1 eq.) were mixed in SEC
buffer and loaded on the UNcle. The temperature started at 20°C
and ended at 95°C with an increasing rate of 0.3 to 1°C/min. The
fluorescence spectra of each sample were analyzed by UNcle Analy-
sis software. The AT, was determined by the first derivative of the
barycentric mean (BCM) of fluorescence intensity with respect to
temperature (dBCM/dT).

Reconstitution of octamers and nucleosomes

Nucleosomes containing unmodified H3, H3kj4c-Ubgrsc, H3kisc-
Ubgzec, and H3xa3c-Ubgrec were reconstituted as previous report
(101). In brief, the four core histones H2A, H2B, H3 (C96S/C110S),
and H4 were mixed at a stoichiometry of 1.1:1.1:1:1 and dialyzed
against the refolding buffer [10 mM Hepes (pH 7.5), 2 M NaCl, and
1 mM EDTA] for 18 hours with buffer changed every 6 hours. The
desired octamers were purified by using a Superdex 200 10/300 GL
size-exclusion column (GE Healthcare) preequilibrated in refolding
buffer. Next, the nucleosomes were reconstituted by mixing the
octamers and 147-bp Widom 601 DNA at a stoichiometry of 1:1.1
in the refolding buffer, and the NaCl concentration was gradient
reduced to below 200 mM by adding HE buffer [10 mM Hepes
(pH 7.5) and 1 mM EDTA] with the use of a peristaltic pump at 4°C
overnight. To further reduce the NaCl concentration, the mixture
was dialyzed against the HE buffer at 4°C overnight. Assembled nu-
cleosomes were purified by using anion exchange on a DEAE-5PW
column (TSKgel) preequilibrated in HE buffer. Desired nucleo-
somes were eluted by a gradient of HE buffer and 1 M NaCl HE
buffer. Octamers and nucleosomes were characterized by SDS-
PAGE (GeneScript).
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Electrophoretic mobility shift assay

WT full-length Clr4 was prepared as a twofold dilution series in SEC
buffer (25 mM HEPES, pH 7.5, 100 mM NacCl) in a range of 8 uM to
0.625 pM. Next, 5 pL Clr4 with indicated concentrations was mixed
with 5 pL 200 nM NCP (or NCPy3x 1406, NCPrskigupb) diluted by the
HE buffer. The mixed samples were incubated for 10 min at 4°C. Five
microliter of Native gel loading [0.15% (v/v) bromophenol blue, 50%
(v/v) glycerol, and 0.25% (v/v) bovine serum albumin] was then
added to each sample and mixed well. Subsequently, 5 pl of each
sample was resolved by 4.5% native-PAGE gels running in a pre-
cooled 0.5 X TBE buffer [40 mM tris-HCI (pH 8.3), 45 mM boric
acid, and 1 mM EDTA] at 150 V for 45 min in ice water. Gels were
stained with 0.01% (v/v) SYBR-Gold dye (Thermo Fisher Scientific)
and visualized using a ChemiDoc MP Imaging System (Bio-Rad).

Strains construction and silencing assays

All yeast mutants used in this article (except the Clr4 knockout strain)
were transformed from gift strains (SPY7283) obtained from Moazed
laboratory, and the transformation method was the same as reported
before (34). Among them, the Clr4 knockout strain (SPY7305) was
also obtained from the Moazed laboratory. The mutant construction
was confirmed by PCR amplification and sequencing to determine its
correctness. Western blot was performed on cell lysate of different
strains using ANTI-FLAG M2-Peroxidase [horseradish peroxidase
(HRP)] antibodies (A8592-1MG, Sigma-Aldrich, 1/1000 dilution) to
detect the expression level of Flag-Clr4 (WT and mutants) in differ-
ent strains.

Silencing experiments were performed similarly to the previ-
ously reported article (34). Cells were harvested at a final concentra-
tion of 1 x 107 cells/ml, washed once with sterile water, resuspended
in 150 pl of sterile water, and then serially diluted 10-fold. 3 pl of
each dilution was dropped onto the appropriate growth medium
(YE). The plates were incubated in a 32°C incubator for 2 days and
then left at 4°C for 36 hours to enhance red pigmentation before
imaging to assess the silencing of the ade6™ reporter gene.

Each mutant strain was cultured in 5 ml of YES (ODggg = 1), and
cells were harvested. Yeast cells were lysed using strong acid (0.8 M
HCI), followed by centrifugation to isolate nuclear histones. The his-
tones were precipitated with trichloroacetic acid, and excess acid was
removed by acetone washing. The histone pellet was dissolved in load-
ing buffer and subjected to SDS-PAGE, followed by Western blot analy-
sis using anti-H3K9me3 antibodies (ab8898, Abcam, 1/1000 dilution).

Total RNA extraction and reverse transcription

Yeast cultures were cultivated until they reached the exponential
phase (ODggo = 1.5), after which 50 ODgg units of cells were har-
vested. Cell lysis was carried out using the acid phenol-chloro meth-
od. The extracted RNA was then treated with Turbo DNase (Thermo
Fisher Scientific) and subjected to a second round of purification
with the RNeasy Mini Kit (Qiagen). A total of 500 ng of high-purity
RNA was reverse transcribed using the Superscript III kit (Invitrogen)
with primers listed in table S2. The resulting cDNA was quantified
by qPCR on an Applied Biosystems qPCR instrument, with fbp1™ as
the internal control. Statistical analysis was conducted using data
from three biological replicates.

Western blot for methyltransferase activity
NCP (WT NCP, NCPH3K14Ub; 200 nM), SAM (100 pM, 500 eq.),
ZnCl, (10 pM, 50 eq.) were diluted by SEC buffer and incubated at

Duetal, Sci. Adv. 11, eadu1864 (2025) 30 May 2025

30°C. Reactions were commenced by the addition of Clr4 (200 nM,
1 eq.). One microliter was removed from each reaction at 10, 20, 60,
120, 200, and 300 min and then boiled with LDS sample buffer (Ther-
mo Fisher Scientific) at 95°C for 5 min. Boiled samples were resolved
on a 4 to 12% gradient SDS-PAGE gel at 160 V for 25 min. Gels were
transferred onto polyvinylidene difluoride membranes by eBlotTM
L1 (GenScript Biotech). Membranes were blocked for 40 min with
QuickBlock blocking buffer (Beyotime) and incubated with corre-
sponding primary antibodies at 4°C overnight. After incubation,
membranes were washed with TBST buffer [50 mM tris-HCI (pH 7.6),
150 mM NaCl, and 0.1% (v/v) Tween 20] for 5 min for five times,
and then membranes were incubated with HRP-conjugated second-
ary antibody for 45 min at room temperature followed by 5-min
TBST buffer wash for five times. Last, membranes were treated with
an enhanced chemiluminesence substrate (Clarity MaxTM Western,
Bio-Rad) and visualized using a ChemiDoc MP Imaging System
(Bio-Rad). Antibodies were diluted by antibody dilution buffer (Pri-
mary & Secondary Antibody Diluent for WB, YEASEN). Antibody
information is listed as follows: rabbit polyclonal anti-H3K9mel an-
tibody (39888, Active Motif, 1/2000 dilution), mouse monoclonal
anti-H3K9me2 antibody (ab1220, Abcam, 1/4000 dilution), rabbit
polyclonal anti-H3K9me3 antibody (ab8898, Abcam, 1/5000 dilu-
tion), rabbit polyclonal anti-H2A antibody (ab18255, Abcam, 1/1000
dilution), HRP* goat anti-mouse immunoglobulin G (IgG) (H + L)
(RS0001, Immunoway, 1/10000 dilution), and HRP* goat anti-rabbit
IgG (H + L) (RS0002, Immunoway, 1/10000 dilution).

Supplementary Materials
This PDF file includes:

Figs.S1to S15

Tables S1 and S2
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