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H3K14 ubiquitylation promotes H3K9 methylation
for heterochromatin assembly
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Abstract

The methylation of histone H3 at lysine 9 (H3K9me), performed by
the methyltransferase Clr4/SUV39H, is a key event in heterochro-
matin assembly. In fission yeast, Clr4, together with the ubiquitin
E3 ligase Cul4, forms the Clr4 methyltransferase complex (CLRC),
whose physiological targets and biological role are currently
unclear. Here, we show that CLRC-dependent H3 ubiquitylation
regulates Clr4’s methyltransferase activity. Affinity-purified CLRC
ubiquitylates histone H3, and mass spectrometric and mutation
analyses reveal that H3 lysine 14 (H3K14) is the preferred target of
the complex. Chromatin immunoprecipitation analysis shows that
H3K14 ubiquitylation (H3K14ub) is closely associated with
H3K9me-enriched chromatin. Notably, the CLRC-mediated H3 ubig-
uitylation promotes H3K9me by Clr4, suggesting that H3 ubiquityla-
tion is intimately linked to the establishment and/or maintenance
of H3K9me. These findings demonstrate a cross-talk mechanism
between histone ubiquitylation and methylation that is involved in
heterochromatin assembly.
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Introduction

In eukaryotic cells, the formation of higher-order chromatin struc-
ture, known as heterochromatin, plays an important role in

diverse chromosomal processes. Heterochromatin assembly is inti-
mately associated with changes in post-translational histone-tail
modifications [1-3]. Histone H3 lysine 9 methylation (H3K9me),
a hallmark of heterochromatin structure, is catalyzed by
SUV39H-family histone methyltransferases (HMTases) and func-
tions as a binding site for recruiting heterochromatin protein 1
(HP1) family proteins [4-6]. Heterochromatic structures are
epigenetically inherited through cell division in a metastable
manner [7,8].

In the fission yeast Schizosaccharomyces pombe (S. pombe),
heterochromatin plays critical roles in the assembly of functional
chromosomal domains such as centromeres, telomeres, and the
mating-type loci [3,9]. Clr4, a homolog of mammalian SUV39H, is
the sole H3K9 methyltransferase expressed in S. pombe and plays a
central role in heterochromatin assembly [4,6,10]. H3K9me creates
binding sites for the chromodomain (CD) proteins Swi6, Chpl, and
Chp2, and these proteins further recruit a variety of chromatin
proteins to form repressive higher-order chromatin [11-14]. Clr4
also possesses a CD that can bind H3K9me, and it has been
suggested that the ability of Clr4 and other HMTases to “write” and
“read” H3K9me facilitates heterochromatin spreading and the main-
tenance of H3K9me during cell division [15].

In fission yeast, the assembly and maintenance of pericen-
tromeric heterochromatin is directly linked to the RNA interfer-
ence (RNAi) pathway [3,16-18]. Pericentromeric repeats are
transcribed by RNA polymerase II, and the nascent RNAs are
converted to small interfering RNAs (siRNAs) through the actions
of the RNA-dependent RNA polymerase complex (RDRC) and
Dicer (Dcrl) ribonuclease. The siRNAs are then loaded onto
Argonaute (Agol), the catalytic component of the RNA-induced
transcriptional silencing (RITS) complex, which targets pericen-
tromeric repeats through base-pairing interaction between the
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siRNAs and nascent transcripts. In addition to Agol, the RITS
complex contains the GW motif protein Tas3 and the chromod-
omain protein Chpl, and the association of the RITS complex
with chromatin is facilitated by the Chpl-CD’s H3K9me-binding
and nucleic acid-binding activities [19]. The deletion of RNAi
pathway components leads to a loss of silencing and reduced
H3K9me at the pericentromeric regions, indicating that the RNAi
pathway and recruitment of the siRNA-bound RITS complex to
chromatin are coupled with the targeting of Clr4. While RNAi also
targets the silent mating-type loci and telomeres, alternative path-
ways act redundantly with the RNAi pathway to recruit the Clr4
HMTase activity [20,21].

Clr4 forms a multi-protein complex called the Clr4 methyltrans-
ferase complex (CLRC). The CLRC consists of the cullin scaffold
protein Cul4, the B-propeller protein Rikl, the WD-40 protein Rafl
(Dos1/Cmc1/Clr8), the replication foci targeting sequence (RFTS)-
like domain-containing protein Raf2 (Dos2/Cmc2/Clr7), and the
RING-box protein Rbx1 (Pipl) [22-26]. All of these CLRC compo-
nents except Rbx1 have been shown to be required for heterochro-
matic silencing. Cul4, Rikl, and Rafl in fission yeast show a
strong structural resemblance to the conserved CUL4-DDB1-DDB2
E3 ubiquitin ligase (CRL4PPBY) [27,28]. While Raf2 has no analo-
gous component in the CRL4PPB! complex, it interacts with Cul4,
Rikl, and Rafl, and thus is proposed to be a hub for the core
components in the CLRC [28,29]. Deleting genes encoding CLRC
components results in the loss of both H3K9 methylation and
siRNA [24,30], indicating that a physical interaction between CLRC
and RITS couples the siRNA production with H3K9 methylation.
Stcl, a tandem zinc finger domain-containing protein, was not
identified among the CLRC components, but was shown to medi-
ate the interaction between the CLRC and RITS, presumably
through interactions with Raf2 and Agol [31,32]. On the other
hand, studies using cul4 mutant cells suggested that Rik1 is loaded
onto heterochromatic repeats in an RNAi-dependent manner and
targets other CLRC components to heterochromatic loci [15,25].
Intriguingly, analyses of cells expressing mutant histone H3
(H3K9R) or CLRC components demonstrated that the CLRC
complex promotes siRNA production, independently of H3K9
methylation [27,29,33], although the details of the mechanism
remain unknown.

As predicted from its structural similarity to CRL4°P®!, the CLRC
exhibits ubiquitin ligase activity in vitro [22]. In addition, hete-
rochromatin defects in Cul4 mutants cannot be rescued by express-
ing a Cul4 protein lacking Nedd8 modification, which is essential
for its ubiquitin ligase activity [25,34]. These data show that the
CLRC is an active ubiquitin ligase whose ligase activity is required
for heterochromatin formation. Structural and functional studies
also suggested that Rafl plays a critical role in target recognition by
the CLRC [27,28]. However, whether the CLRC acts as an E3 ubiqui-
tin ligase in vivo and how ubiquitylation modulates Clr4’s HMTase
activity remain unclear.

Here, we demonstrated that affinity-purified CLRC preferentially
ubiquitylates lysine 14 on histone H3 (H3K14) in vitro, and the
H3K14 ubiquitylation is tightly associated with H3K9me-enriched
heterochromatin in vivo. Importantly, the Kl14-ubiquitylated H3
promotes H3K9’s methylation by Clr4. This study demonstrates a
cross-talk mechanism between histone methylation and ubiquityla-
tion for heterochromatin assembly.
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Results
Histone H3 is ubiquitylated in vitro by the CLRC

To identify the physiological substrate(s) ubiquitylated by CLRC,
we first affinity-purified the CLRC and characterized it. For this
purpose, an S. pombe strain expressing C-terminally TAP-tagged
Rikl (Rik1-TAP) was constructed, and Rikl1-TAP and its
associated proteins were affinity-purified. Analysis of the purified
fraction revealed protein bands that were specific to the Rik1-TAP
preparation but were absent from a control preparation using an
untagged strain (mock) (Fig 1A). Mass spectrometry analysis of
the purified fraction identified a number of specific proteins,
including Cul4, Nedd8, Raf2, Rafl, and Clr4, in agreement with
previous studies (Fig 1A) [22,24,25,27]. In addition, a limited
number of histone H2B or H4 peptides were detected in the
purified fraction, as previously observed [22,24]. Rikl is
reported to form a protein complex with Mms19 and Cdc20 [35],
but these two proteins were not identified in our Rikl-TAP
preparations.

Given that histones have been identified in several independent
Rik1-TAP purifications [22,24] and that histone ubiquitylation has a
direct effect on other histone-modifying enzymes [36,37], we chose
histones as candidate CLRC substrates and examined whether CLRC
ubiquitylates them. We performed an in vitro ubiquitylation assay
using recombinant E1, E2 (UbcHSb), biotinylated ubiquitin, and
histones. Incubation of the Rik1-TAP preparation with these compo-
nents in the absence of histone substrate resulted in a ladder of
biotinylated ubiquitin (Fig 1B, lane 3, and Fig EV1A—C). The ladder
probably represented the self-ligation of polyubiquitin in the
absence of substrate [38,39], and its appearance suggested that the
purified CLRC possessed ubiquitin ligase activity. When histone H3
was added as a substrate, several additional bands appeared, whose
molecular weights corresponded to histone H3 modified with mono
(~8.6 kDa)- or di-ubiquitin (~17 kDa) (Fig 1B, lane 4, indicated by
asterisks). This activity appeared to be specific for the Rik1-TAP
preparation, since we did not detect it in the control assay using a
mock preparation obtained from the Rikl-untagged strain (Fig 1B,
lane 5, mock). Although a weak band (~25 kDa) was also detected
in the control assay without E3 (Fig 1B, lane 2), it migrated slightly
more slowly than the H3 species modified with mono-ubiquitin,
and appeared to be a background product. When histone H2A,
H2B, or H4 was used in the assay, a very weak activity was
detected for H2A (Fig EV1A, indicated by asterisks), and no obvi-
ous change was seen for H2B or H4 (Fig EV1B and C). Although
H2A might also serve as a substrate of CLRC, the purified CLRC
exhibited a stronger activity for H3, and thus, in this study, we
focused on H3’s ubiquitylation and its roles in heterochromatin
assembly.

Characterization of CLRC’s H3 ubiquitylation activity

Cul4 functions as scaffold to form E3 ubiquitin ligase and is modi-
fied by the ubiquitin-like protein Nedd8, which induces the E3
ubiquitin ligase activity [34]. To determine whether Culd’s activity
is involved in the CLRC’s H3 ubiquitylation, we first created a cul4
mutant allele in which Lys680 (the site of Nedd8 conjugation) was
mutated to arginine (cul4“®*°%) as previously reported [25].

© 2019 The Authors
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Figure 1. Histone H3 is ubiquitylated in vitro by the CLRC.
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A Purified TAP-tagged Rik1-containing complexes analyzed by SDS—PAGE and silver staining. mock: a mock purification from an untagged strain. Proteins identified by

LC-MS/MS are indicated at right, with the number of identified unique peptides in parentheses.

B In vitro ubiquitylation assays using biotinylated ubiquitin, purified CLRC, and recombinant S. pombe histone H3 as the substrate. Proteins were analyzed by Western

blotting (WB) using the indicated antibodies. Asterisks indicate ubiquitylated histone H3 species.

C Ubiquitylation assays using recombinant histone H3, the N-terminal tail of histone H3 (residues 1-36) fused with GST (H3N-GST), or GST alone as the substrate. Both
fission yeast (sp) and human (hs) full-length H3 proteins and H3N-GST fusion proteins were examined. The proteins were analyzed by SDS—PAGE followed by either
silver staining or Western blotting with an anti-biotin antibody. Asterisks indicate ubiquitylated histone H3 species.
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However, the cul4 °®°® mutant showed a severe growth defect
(Fig EV2B), which made it difficult to assess Cul4’s involvement in
CLRC’s H3 ubiquitylation. Instead, we isolated a milder cul4
mutant allele (cul4-1), which did not exhibit a noticeable growth
defect (Fig EV2B), but resulted in loss of the silencing of ade6™ or
ura4® marker genes inserted at the centromeric repeats (otrIR::
ade6™) and the mating-type locus (kint2::ura4*), respectively
(Fig EV2A and B). In this cul4 mutant, its original 3’-untranslated
region was replaced with TEF terminator and a hygromycin-resis-
tant gene without altering cul4 coding region, which presumably
led to a change in cul4 expression or mRNA stability. This muta-
tion changed the profile of the Rik1-TAP preparation with a clear
reduction in the co-purified Cul4 (Fig EV2C) and markedly reduced
the H3 ubiquitylation activity (Fig EV2D). This result suggested
that Cul4 plays a critical role in CLRC’s H3 ubiquitylation activity.

To characterize the CLRC’s ubiquitylation activity further, we
prepared a fusion protein of the N-terminal tail of H3 (residues
A1-K36) and GST (H3N-GST). Since the human H3 histone-tail
sequence is slightly different from that of S. pombe, we prepared
both human and S. pombe H3N-GST fusion proteins, and exam-
ined them in the ubiquitylation assay. While both the human and
S. pombe full-length H3 histones were ubiquitylated by CLRC
(Fig 1C, lanes 2 and 4), the H3N-GSTs were more efficiently ubig-
uitylated than the full-length histones (Fig 1C, lanes 6 and 8).
These results suggested that the CLRC preferentially ubiquitylates
the N-terminal tail of H3 and that the C-terminal region of H3 may
have an inhibitory effect on the CLRC’s activity for the H3 N-term-
inal tail. We also noticed that CLRC did not efficiently ubiquitylate
H3 in reconstituted nucleosomes (Fig EV2E and F), suggesting that
nucleosomal DNA may also have an inhibitory effect on the
CLRC’s activity and additional factor(s) may help to promote it
in vivo.

CLRC preferentially ubiquitylates histone H3 lysine 14

We next sought to identify the ubiquitylated lysine residues of
the H3 N-terminal tail. For this investigation, we performed
mass spectrometry (LC-MS/MS) analysis of the mono- and di-
ubiquitylated H3N-GST species recovered from the CLRC-
mediated in vitro ubiquitylation assay (Figs 2A and EV3A).
Because trypsin cleaves the C-terminal Arg-Gly-Gly of ubiquitin,
ubiquitylated lysine residues could be identified by the presence
of a characteristic diGly remnant (Fig 2B) [40]. In this analysis,
four residues, K14, K18, K23, and K27, were identified as candi-
date H3 ubiquitylation sites (Fig EV3B). The number of identified
peptides containing each of the candidate ubiquitylation sites
suggested that K14 and K18 are the predominant H3 ubiquityla-
tion sites.

To confirm the results obtained by LC-MS/MS analysis, we
prepared H3N-GST fusion proteins containing amino acid substitu-
tions for each of the candidate lysine residues (K4R, K9R, K14R,
K18R, K23R, K27R, and K36R) and assessed their effect on H3’s
ubiquitylation. In agreement with the LC-MS/MS analysis
(Fig EV3B), the K14R substitution resulted in a marked reduction in
the CLRC-mediated H3 ubiquitylation (Fig 2C, indicated by aster-
isks). Although the K18R, K23R, or K27R substitution appeared to
slightly reduce the H3 ubiquitylation, the effect was much weaker
than that of the K14R substitution. The other lysine substitutions
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(K4R, K9R, and K36R) had little or no impact on the CLRC-mediated
H3 ubiquitylation (Fig 2C). We also confirmed that K14A substitu-
tion also markedly reduced the CLRC-mediated ubiquitylation of
full-length histone H3 (Fig EV3C and D). These results suggested
that CLRC possesses an E3 ubiquitin ligase activity that preferen-
tially targets histone H3K14, and that K14-mono-ubiquitylated H3 is
a major product of CLRC’s activity. At this point, we could not
distinguish whether the di-ubiquitylated H3 species contained two
mono-ubiquitins at different lysine residues or one di-ubiquitin at a
single lysine residue. In either case, our findings indicated that
H3K14 ubiquitylation (H3K14ub) may play a role in promoting addi-
tional ubiquitylation.

Heterochromatin is enriched in H3K14ub in vivo

Since our in vitro assays suggested that the CLRC preferentially
ubiquitylates histone H3K14, we next sought to assess the presence
of H3K14ub in vivo. We speculated that H3K14ub would be concen-
trated at heterochromatic regions where the CLRC is predominantly
localized [15]. To examine this possibility, we carried out chromatin
immunoprecipitation (ChIP) assays using antibodies against hete-
rochromatic H3K9me2 or euchromatic H3K4me2 [41], and
performed LC-MS/MS analyses to identify the histone modifications
associated with these regions (Figs 3 and EV3E and F, and
Appendix Table S1, Appendix Figs S1-S8). We confirmed that
H3K9me2 was enriched in centromeric dg repeats, whereas
H3K4me2 was preferentially enriched in the actively transcribed
actl® gene (Fig EV3E). Subsequent LC-MS/MS analysis revealed
that K14-ubiquitylated H3 peptides were detected exclusively in the
H3K9me2-associated chromatin (Figs 3B-D and EV3F). It was also
notable that nearly all of the tryptic K14-ubiquitylated H3 peptides
contained H3K9me2 or H3K9me3 (Fig 3C). These results demon-
strated that H3K14ub is concentrated in H3K9me-associated hete-
rochromatin, where CLRC is predominantly localized, in vivo. Our
LC/MS/MS analysis also revealed that K56- or K79-ubiquitylated H3
peptides were preferentially concentrated in the H3K4me2-asso-
ciated chromatin (Figs 3C and D, and EV3F), although their biologi-
cal functions and potential involvement in transcription are
unknown.

H3K14 is critical for heterochromatin assembly in vivo

We next asked whether H3K14 is essential for heterochromatin
assembly in fission yeast. Schizosaccharomyces pombe encodes three
copies of genes that encode histone H3 (H3.1, H3.2, and H3.3). We
introduced an alanine substitution mutation at individual lysine
residues within the H3.1 N-terminal tail and assessed the effect on
the silencing of kint2::ura4™ (Fig 4A). Introduction of the K9A
mutation clearly abolished the kint2::ura4™ silencing (Fig 4B), and
ChIP analysis showed that the level of H3K9me2 at heterochromatic
regions was reduced to half or less that of wild type (Fig 4C).
Notably, the K14A or K14R mutation also led to defective silencing
and decreased H3K9me2 levels, comparable to that of the K9A
mutation (Figs 4B and C, and EV4A). The status of silencing defect
caused by amino acid substitution for K9 or K14 was also confirmed
by quantitative reverse-transcriptase PCR (RT-qPCR) (Fig EV4B and
C). Alanine substitution of the other lysine residues in the H3.1 N-
terminal tail had no effect on gene silencing (Fig 4B). While these

© 2019 The Authors
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Figure 2. Histone H3 lysine 14 is ubiquitylated in vitro by CLRC.
A
B
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Silver staining

Ubiquitylation assay using H3N-GST. The components included in the assay and the ubiquitylated H3N-GST species are indicated at right.
MS/MS spectrum of the histone H3 peptide corresponding to residues 10-17. The observed y and b ions and fragment map are shown.
Ubiquitylation assay using biotinylated ubiquitin and recombinant wild-type H3N-GST (WT) and arginine-substituted H3N-GST mutants as substrates. Proteins were

analyzed by Western blotting and silver staining. mock: reaction without substrate. Asterisks indicate ubiquitylated H3N-GST proteins.

effects were presumably due to a dominant-negative effect of the
mutations in H3.1, ChIP analysis revealed that the levels of Rikl
associated with the mating-type cenH or centromeric dg locus were
higher than that of wild-type cells (Fig 4D). This may imply that
amino acid substitution for K9 or K14 might affect CLRC’s enzy-
matic activity and/or inhibit its turnover at heterochromatic regions.
We also noticed that these amino acid substitutions had only a
limited effect on the centromeric otr1R::ade¢” silencing and dg
expression (Fig EV4D-G). As previously reported [42], clear silenc-
ing defect of otrIR::ade6™ and elevated dg expression were observed
for cells harboring single H3 gene (hht2) containing K9 or K14

© 2019 The Authors

amino acid substitution (Fig EVAF and G). The different effects on
two heterochromatic regions might be attributable to the difference
in pathways to promote H3K9 methylation at these regions.

To further examine the relationship between K9 and K14, we
introduced combinatorial amino acid substitutions in the H3.1 N-
terminal tail (Fig 4E). No additive effect was observed for cells
expressing mutant H3.1 with both the K9A and K14A substitutions
(Fig 4E, K9, 14A), suggesting that the silencing defect caused by
K9A or K14A substitution was brought about through the same
pathway. Although the K4A mutation showed a suppressing effect
on K14A (Fig 4E, K4, 14A), a similar effect was seen for K9A
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Figure 3. H3K14 ubiquitylation is associated with H3K9me-enriched chromatin.
A Chromatin precipitated with anti-H3K4me2 or anti-H3K9me2 antibodies was analyz

K4 K9 K14 K18 K23 K27 K36 K56 K64 K79 K115 K122'

ed by SDS—PAGE and silver staining. The input sample and mock precipitation

using total mouse IgG are also shown. The gel slices indicated by boxes were excised and subjected to LC-MS/MS analysis.
B MS/MS spectrum of the histone H3 peptide corresponding to residues 9-17. The observed y and b ions and fragment map are shown.

Summary of the ubiquitylated peptides identified by LC-MS/MS.

D Relative abundance of ubiquitylated lysine residues in chromatin-associated histone H3 fractions. Chromatin precipitated with anti-H3K4me2 or anti-H3K9me2
antibodies was subjected to LC-MS/MS analysis, and the abundance of ubiquitylated lysine residues in each fraction is shown (see also Fig EV3F). Since short peptides
cleaved at unmodified lysine residues could not be efficiently detected in the LC-MS/MS analysis, these data do not accurately reflect the abundance including

unmodified lysines.

(Fig EV4I and J). Thus, this effect was probably due to the reduction
in H3K4me2, which was associated with active transcription of the
inserted ura4* marker gene (Fig EV4H). Taken together, these
results are consistent with previous findings [42,43] and confirmed
the importance of H3K14 in H3K9me generation and heterochro-
matin assembly.
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H3K14ub promotes H3K9me

Based on the above results, we next examined the possible connec-
tion between H3K14ub and H3K9me. To test whether H3K14ub
modulates H3K9me, we performed in vitro histone methyltrans-
ferase (HMTase) assays using recombinant Clr4 and ubiquitylated

© 2019 The Authors
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Figure 4. H3K14 is critical for heterochromatic silencing.
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A Diagram of the mating-type loci in S. pombe. The position of the silencing reporter gene (Kint2:ura4®) is shown. The target regions in the ChIP analysis are indicated

by black bars above (Kint2:ura4*) and below (cenH) in the diagram.

B Heterochromatic silencing assays of strains expressing C-terminally FLAG- and His-tagged, wild-type or mutant H3 (Hht1-FH). Silencing at the mating-type Kint2:
ura4* was evaluated. Ten-fold serial dilutions of the indicated strains were spotted onto non-selective medium (N/S), medium lacking uracil (-Ura), and medium

containing 5-FOA (5-FOA).

C ChIP analysis of H3K9me2 levels associated with the mating-type loci, relative to the control act1* locus. Error bars indicate standard errors from three technical

replicates.

D ChIP analysis of Rikl-myc levels associated with the mating-type cenH and centromeric dg loci, relative to the control act1* locus. Error bars indicate standard errors

from three technical replicates.

E Heterochromatic silencing assays comparing the effects of H3 lysine substitution mutants. Silencing at the mating-type kint2:ura4* was evaluated as in (B).

H3N-GST as a substrate (Fig 5A). H3N-GST was first subjected to an
in vitro ubiquitylation assay using affinity-purified CLRC (as in
Fig 1C). After the reaction, the resultant H3N-GST was purified and
subjected to an in vitro HMTase assay, in which the incorporation
of a radioactively labeled methyl group transferred from *H-SAM

© 2019 The Authors

was detected by autoradiography. In the control experiments with-
out CLRC-mediated ubiquitylation, Clr4 methylated the wild-type
(WT) H3N-GST (Fig 5B, right panel, lane 2). Strikingly, even though
only 10-15% of the H3N-GST was ubiquitylated by the CLRC under
our assay conditions and the rest remained unmodified (Fig 5B, left
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Figure 5. H3K14 ubiquitylation promotes H3K9 methylation.

In vitro HMTase assays. Recombinant H3N-GST pre-ubiquitylated by the CLRC was purified and used in the HMTase assay with 6xHis-tagged recombinant Clr4

A Experimental scheme.
B

(His-Clr4). Proteins were analyzed by SDS—-PAGE and Coomassie Brilliant Blue (CBB) staining (left) and autoradiography (right).
C,D

In vitro HMTase assay using disulfide-linked ubiquitylated histone H3. H3K14cUb and control histone H3 (H3C110A) were used as substrates in the HMTase assay

and analyzed as in (B). The *H-methyl group incorporation was measured using a liquid scintillation counter (D). Error bars indicate the standard deviations

calculated from three independent experiments.

panel, lanes 3 and 4), Clr4 exclusively methylated the ubiquitylated
H3N-GST (Fig 5B, right panel, lane 4). In addition, the methylation
of the ubiquitylated H3N-GST was much stronger than that of the
control H3N-GST (Fig SB, right panel, lanes 2 and 4), suggesting
that CLRC-mediated ubiquitylation of H3 increases Clr4’s HMTase
activity for the H3 as a substrate.

To confirm the effect of H3K14ub on H3K9me, we prepared K14-
ubiquitylated histone H3 (H3K14cUb) by disulfide cross-linking (see
Materials and Methods) and used it as a substrate in the HMTase
assay. Consistent with the results in Fig 5B, H3K14,Ub was more
efficiently methylated by Clr4 than was unmodified H3 (Fig 5C,
right panel), and the incorporation of *H-labeled methyl groups was
approximately six times that of the control H3 (Fig SD). These
results were consistent with those using CLRC-treated H3N-GST
(Fig 5B). We also examined whether H3K9me modulates H3K14ub
by using histone H3 containing a K9me3 analog (H3Kc9me3) as a
substrate (see Materials and Methods). In the in vitro ubiquitylation
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assay, CLRC’s ubiquitin ligase activity for histone H3 was not
noticeably changed (Fig EVS, indicated by asterisks), suggesting
that H3K9me does not affect K3K14ub. Taken together, these results
indicated that H3K14ub promotes H3K9me and that this effect is
unidirectional.

Clr4 N-terminal regions recognize ubiquitylated H3

These in vitro HMTase assays indicated that ubiquitylated histone
H3 is recognized by Clr4. Clr4 possesses an evolutionarily conserved
N-terminal chromodomain (CD) and C-terminal SET domain, and
less conserved SET-associated regions (Fig 6A) [44,45]. To investi-
gate how Clr4 recognizes ubiquitylated histone H3, we produced a
series of N-terminally truncated Clr4 mutants as GST fusion proteins
(Fig 6A and B) and examined their ability to recognize ubiquitylated
H3 (H3K14cUb) in the HMTase assay using control histone H3 and
H3K14cUb as substrates. Although GST-fused full-length (FL) Clr4

© 2019 The Authors
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Figure 6. Clr4 N-terminal regions are involved in recognizing ubiquitylated H3 and heterochromatic silencing.

A Schematic of recombinant Clr4 proteins used in the in vitro HMTase assay: GST-fused full-length Clr4 (FL) and truncated Clr4 proteins (A1-A4).

B Recombinant proteins used in (C) and (D) were resolved by 10% SDS—PAGE and visualized by CBB staining.

C In vitro HMTase assay using disulfide-linked ubiquitylated histone H3. H3K14-Ub and control histone H3 (H3C110A) were used as substrates in the HMTase assay and
analyzed as in Fig 5C.

D In vitro pull-down assays of GST-Clr4 proteins with biotinylated ubiquitin. Bound ubiquitin was analyzed by Western blotting with HRP-conjugated streptavidin (left).
Precipitated GST proteins were analyzed by SDS-PAGE and CBB staining (right).

E Schematic of FLAG-tagged, wild-type, and mutant (A63-127) Clr4 proteins.

F

Whole cell lysates prepared from control cells, cells expressing FLAG-tagged wild-type Clr4 (F-clr4) or mutant Clr4 (F-clr4“¢3-127), or clr4A cells were subjected to

Eriko Oya et al

immunoblotting using the indicated antibodies.

G Heterochromatic silencing assays of wild-type and clr4 mutant strains. Silencing at the mating-type Kint2:ura4* was evaluated.

H  ChIP analysis of H3K9me2 levels associated with the silencing marker gene inserted in the mating-type loci (Kint2:ura4*) and the mating-type cenH and centromeric
dg loci, relative to the control act1* locus. Error bars indicate standard errors from three technical replicates.

| The levels of Kint2:ura4*, mating-type cenH, and centromeric dg transcripts were quantified by RT-qPCR and calculated as fold change to the wild-type expression.

Error bars indicate standard errors from three technical replicates.

showed a specificity for H3K14cUb (Fig 6C, right panel, lanes 3 and
4), the CD-deleted Clr4 mutant (Clr4_A1) lost this specificity and
methylated both control H3 and H3K14.Ub with comparable effi-
ciency (Fig 6C, right panel, lanes 5 and 6). Further N-terminally
deleted Clr4 mutants (Clr4_A2 and Clr4_A3) appeared to show the
opposite preference; the level of methylated control H3 was appar-
ently higher than that of H3K14c.Ub (Fig 6C, right panel, lanes
7-10). The deletion of the N-terminal SET-associated region
(Clr4_A4) abolished Clr4’s HMTase activity (Fig 6C, right panel,
lanes 11 and 12), suggesting that it has a critical role in this activity.

To confirm this result, we tested whether Clr4 binds directly to
ubiquitin. We carried out GST pull-down assays using GST-fused
full-length (FL)-deleted and N-terminally deleted (A1-A4) Clr4
proteins (Fig 6A and B) and biotinylated ubiquitin. GST was used
as a control. Subsequent Western blots showed that the FL- and
CD-deleted Al proteins could bind to ubiquitin, whereas further
deleted mutants (A2-A4) failed to bind ubiquitin (Fig 6D). These
results suggested that the CD-adjacent N-terminal region can bind
ubiquitin and contributes to the recognition of ubiquitylated H3.
To further investigate the potential role of the CD-adjacent region
for Clr4 function, we created fission yeast strains expressing
FLAG-tagged wild-type or mutant (A63-127) Clr4 from its original
promoter (Fig 6E and F). Notably, the deletion led to defective
silencing for Kint2::ura4™ and reduced H3K9me2 levels at Kint2::
ura4™ and cenH loci, although this effect was milder than that of
clr4A cells (Fig 6G-I). These results suggested that the CD-adjacent
N-terminal region plays an important role in Clr4’s function. Inter-
estingly, the effect of AG63-127 deletion on Kint2::ura4* was
comparable to that of cells expressing hht1-K14A (Fig EV4K), and
this deletion had a negligible impact on centromeric silencing
(otrIR::ura4™) and dg expression (Figs 6H and I, and EVA4L),
implying that Clr4’s enzymatic activity may be differentially regu-
lated at each heterochromatin region.

Discussion

Here, we demonstrated that a novel modification regulates H3K9me.
Our study revealed that the CLRC preferentially ubiquitylates
histone H3K14 and, more importantly, that H3K14ub promotes
H3K9me generation for heterochromatin assembly.

H3K14 was previously shown to play a critical role in heterochro-
matin assembly, and this residue is also the acetylation site
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associated with transcriptional activation. Either mutations in clr3,
which encodes an H3K14-specific deacetylase, or the H3K14A
substitution, which mimics the acetylated lysine, cause reduced
H3K9me and defects in heterochromatic silencing [6,42,43,46,47].
These findings suggest that the deacetylation of H3K14 by Clr3 is
required for H3K9’s methylation by Clr4. In contrast, Clr4 efficiently
methylates a K14-acetylated H3 peptide [6], and the H3K14R substi-
tution, which mimics unacetylated lysine, also leads to a severe
silencing defect [42]. These results indicated that the unacetylated
state of H3K14 is not sufficient for efficient H3K9me. These appar-
ently conflicting findings suggested that there is a gap in our under-
standing of how H3K14 is involved in heterochromatin assembly.
Here, we demonstrated that H3K14 is modified by ubiquitylation,
which promotes H3K9’s methylation by Clr4. Since H3K9me did not
noticeably affect the H3K14ub by CLRC (Fig EVS), H3K14ub is likely
to be a prerequisite modification for H3K9me.

The chromodomain (CD) is a highly conserved protein module
that is critical for targeting proteins to their action sites in chro-
matin. CD’s best-known role is its binding to methylated histone
tails. As demonstrated for the CDs in HP1 family proteins, Clr4-CD
also binds K9-methylated histone H3 [15], and this activity is critical
for CLRC’s heterochromatic association and for stable inheritance of
the H3K9me mark [15,48]. Since Clr4 and its homologs contain both
CD (H3K9me reader) and SET (H3K9me writer) domains, a direct
read-write mechanism has been suggested for heterochromatin
spreading and epigenetic inheritance [15,48]. According to this
model, Clr4 recruited by preexisting H3K9me provides new K9me
on H3 in the same or neighboring nucleosomes. However, in the
present study we demonstrated that Clr4’s HMTase activity was
enhanced by the presence of H3K14ub (Fig 5). These results
suggested that the simple read-write mechanism could be revised to
include the involvement of ubiquitylation. Since we also demon-
strated that CIr4-CD and its neighboring regions contribute to the
recognition of ubiquitylated H3 (Fig 6A-C), it is possible that Clr4-
CD has multiple functions that modulate its HMTase activity for
heterochromatin spreading and epigenetic inheritance [19]. In this
study, we also demonstrated that Clr4 binds directly to ubiquitin via
its N-terminal region (Fig 6D) and that the CD-adjacent region is
critical for heterochromatic silencing (Fig 6E-I). Considering that
N-terminally deleted Clr4 mutants showed a preference for unmodi-
fied H3, it is also possible that CD or a CD-adjacent region plays an
inhibitory role for the SET domain’s HMTase activity for unmodified
H3 and that ubiquitylated H3 somehow suppresses this activity.

© 2019 The Authors
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This notion is consistent with a very recent study on SUV39H1 [49].
Another recent study demonstrated that Clr4’s catalytic activity is
inhibited by an internal loop and that the automethylation of a
specific lysine in the loop promotes a conformational switch that
enhances Clrd’s H3K9me activity [50]. Thus, the coordination of
auto-regulation mechanisms may help to suppress Clr4’s promiscu-
ous activity and provide an additional system ensuring the read-
write mechanism. While we clearly showed the importance of
H3K14Ub and Clr4’s CD-adjacent region for Clr4’s function, the
effect was limited to the mating-type region, and only a negligible
effect was seen for centromeric heterochromatin (Fig EV4E and L).
It is possible that there are additional CLRC’s targets for ubiquityla-
tion, which may redundantly promote Clr4’s activity. Alternatively,
Clr4’s activity may also be regulated by mechanisms other than
ubiquitylation [19,51].

An important issue requiring further investigation is the dynam-
ics of H3K14ub. Since H3K9me is coupled with the deposition of
newly synthesized histones after DNA synthesis, H3K14’s ubiquity-
lation and de-ubiquitylation may be cell-cycle-dependent, as well.
Although 20 de-ubiquitylating enzymes are expressed in S. pombe,
a specific de-ubiquitylating enzyme(s) that targets heterochromatin
have not been identified yet. Multiple enzymes may act coopera-
tively in this process. Another issue requiring clarification is the
mechanism by which the CLRC is recruited to specific regions of
chromatin. Although Rafl and Raf2 have been implicated in
substrate recognition [27-29], the identity of their target(s) remains
unclear. Raf2 contains a domain that shows weak similarity to the
RFTS of DNMT1 (a methyltransferase involved in maintaining DNA
methylation) [29], and DNMT1’s RFTS is known to play a role in
recognizing ubiquitylated H3 [52,53]. Raf2’s RFTS-like domain may
also have a role in targeting ubiquitylated H3. Alternatively, it is
possible that Raf2’s RFTS has a distinct role in CLRC function, unre-
lated to H3 ubiquitylation [29].

In Neurospora crassa, the H3K9 methyltransferase Dim-5 forms a
complex with Cul4 and DDBI called the DCDC, which is required
for Dim-5-mediated H3K9me [54]. In human cells, CUL4 is associ-
ated with SUV39H1 [55], and depleting CUL4 or DDBI1 impairs
H3K9me [56]. In addition, CUL4-DDB1 has been shown to have
ubiquitin ligase activity for H3 [57], and proteomic surveys using
human cells revealed that H3K14 is ubiquitylated in vivo [40]. It is
therefore likely that H3 ubiquitylation mediated by CUL4-DDBI1
plays an important role in the methylation of H3K9 in other systems.
The ubiquitin ligase activity of CUL4-DDB1 promotes H3 poly-
ubiquitylation [58], which appears to be distinct from the CLRC-
mediated ubiquitylation we observed. In our in vitro ubiquitylation
assay, the major products detected were mono- and di-ubiquitylated
species, and other multiply ubiquitylated species were not clearly
detected (Fig 1C). However, it is possible that the combination of
appropriate DCAF(s) (DDB1 and CUL4-associated factors) modu-
lates CUL4-DDB1’s activity and provides substrate specificity [59].

Cross-talk between histone ubiquitylation and methylation is
well known to occur for H2B mono-ubiquitylation and H3K4 methy-
lation [36]. It was also recently reported that histone H2A’s mono-
ubiquitylation promotes H3K27’s methylation [37] and that H3’s
ubiquitylation plays a role in the maintenance of DNA methylation
[52,53]. Although it has been suggested that ubiquitin functions as
an adaptor to recruit other modifying enzymes, the underlying
molecular mechanisms of this action are not fully understood.

© 2019 The Authors
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Further analysis of the functional interactions between H3K14ub
and H3K9me will provide additional insight into the cross-talk
between histone ubiquitylation and methylation and the role it plays
in chromatin assembly.

Materials and Methods

Strains and plasmids

The S. pombe strains used in this study are described in
Appendix Table S2. The media and genetic methods used in the study
were described previously [60]. The cul4-1 strain was generated by
inserting the hygromycin-resistant gene into the 3’ untranslated
region of the cul4 gene. For the deletion or epitope tagging of target
genes, the PCR-based module method was used [61]. To produce
H3N-GST fusion proteins in E. coli, the portion of the histone H3
coding sequence corresponding to amino acids 1-36 was amplified by
PCR and cloned into the pCold IV vector (Takara), followed by down-
stream insertion of the GST coding sequence. Site-directed mutagene-
sis was used to introduce each of the amino acid substitutions.

Antibodies

The following antibodies were used in this study: anti-biotin (7075;
Cell Signaling Technology), anti-histone H2A (ab13923; Abcam),
anti-histone H2B (63-125; BioAcademia), anti-histone H3 (rat, 1G1;
kindly provided by H. Kimura [62]), anti-histone H4 (mouse, 9C5;
kindly provided by H. Kimura), anti-H3K9me2 (mouse; kindly
provided by T. Urano [63]: MABI0307, MAB Institute, Inc.), anti-
H3K4me2 (MABI0303; MAB Institute, Inc.), horseradish peroxidase
(HRP)-conjugated anti-FLAG M2 (A8592; Sigma), anti-tubulin
(T5168; Sigma), HRP-conjugated streptavidin (21130; Thermo),
HRP-conjugated anti-mouse IgG (112-035-072; Jackson ImmunoRe-
search), HRP-conjugated anti-rabbit IgG (A6667; Sigma), and HRP-
conjugated anti-rat IgG (NA935; GE Healthcare). Anti-GST rabbit
polyclonal antibodies were prepared and affinity-purified using
recombinant GST protein.

Tandem affinity purification

Rik1-TAP purification was performed as described previously [64],
with some modifications. Exponentially growing cells (6.4 x 10"
cells) were harvested by centrifugation, washed once in phosphate-
buffered saline (PBS), and transferred to 50-ml tubes (approximately
8 g per tube, 16 tubes). The pelleted cells were frozen with liquid
nitrogen and stored at —80°C before further purification. All subse-
quent steps were performed at 4°C. The frozen cells in each tube
were resuspended in 10 ml of TAP lysis buffer (50 mM HEPES [pH
7.5], 300 mM potassium acetate, 20 mM B-glycerophosphate, 5 mM
magnesium acetate, 1 mM EGTA, 1 mM EDTA, 0.1% Nonidet P-40
[NP-40], 1 mM dithiothreitol [DDT], 1 mM phenylmethylsulfonyl
fluoride [PMSF]), supplemented with protease inhibitor cocktail
(Complete; Roche), and lysed by glass-bead breakage in a Multi
Beads Shocker (Yasui Kikai). The crude lysate in each tube was
diluted with 15 ml of TAP lysis buffer and incubated with gentle
agitation on a disk rotator for 30 min. The lysates were then centri-
fuged at 12,000 xg for 20 min, and the cleared lysates
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(approximately 20 mg/ml protein) were pooled and divided into 12
aliquots. Each aliquot was further purified as previously described
[64]. For LC-MS/MS analysis, the eluted proteins were precipitated
by adding 2 volumes of ethanol and resolved by SDS-PAGE. For the
ubiquitylation assay, the eluted proteins were dialyzed against Ubc
buffer (50 mM HEPES [pH 7.3], 150 mM NaCl, 10% glycerol, 1 mM
DTT) and concentrated using Amicon Ultra (Merck Millipore). The
eluate derived from 6.4 x 10" cells was concentrated to approxi-
mately 150 pl.

Recombinant protein production

The cDNAs of S. pombe histones (H2A [htal™], H2B [htb1™], H3
[hht1"], and H4 [hhf1"]) and human H3 were PCR-amplified and
cloned into the pET-3a vector (Merck Millipore). Recombinant
histones were expressed in BL21 (DE3) E. coli and purified as
described previously [65]. To generate the H3K9me3 analog, human
histone H3.2 containing K9C and C110A substitutions was
expressed and purified as for the other histones. The purified H3
K9C/C110A protein was subjected to alkylation as previously
described [66]. Recombinant GST-fused and 6xHis-tagged proteins
were expressed in BL21 (DE3) E. coli and purified, respectively, by
Glutathione Sepharose 4B (GE Healthcare) and TALON Metal Affin-
ity Resin (Clontech), according to the manufacturers’ instructions.
The eluted proteins were further purified by anion exchange chro-
matography (SOURCE 15Q; GE Healthcare).

In vitro ubiquitylation assays

In vitro ubiquitylation assays were performed using a Ubiquitinyla-
tion Kit (Enzo Life Sciences) according to the manufacturer’s
instructions with some modifications. The E1 (12.5 or 25 nM) and
E2 (175 or 350 nM recombinant human UbcHS5b) enzymes were
mixed with 2.5-10 pl of the concentrated Rik1-TAP purified fraction
and 0.5 or 1 pM substrate in 25 pl of reaction buffer, and the
mixtures were incubated at 30°C for 2 h. The reactions were termi-
nated by adding equal volumes of 2x SDS sample buffer. The
proteins were resolved by SDS-PAGE and analyzed by Western blot-
ting. Can Get Signal (Toyobo) was used to enhance the Western
blotting signals.

Nucleosome reconstitution

Nucleosomes used in the in vitro ubiquitylation assays were
prepared as described previously [67].

Nano-liquid chromatography-tandem mass spectrometry
(LC-MS/MS)

The proteins in each gel slice were subjected to reduction with
10 mM dithiothreitol (DDT), at 56°C for 1 h, alkylation with 55 mM
iodoacetamide at room temperature for 45 min in the dark, and
digestion with 10 pg/ml modified trypsin (Promega) or 20 pg/ml
ArgC (Promega) at 37°C for 16 h. The resulting peptides were
extracted with 1% trifluoroacetic acid and 50% acetonitrile, dried
under a vacuum, and dissolved in 2% acetonitrile and 0.1% formic
acid. The peptides were then fractionated by C18 reverse-phase
chromatography (ADVANCE UHPLC; AMR Inc.) and applied directly
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into a hybrid linear ion trap mass spectrometer (LTQ Orbitrap Velos
Pro; Thermo Fisher Scientific) with Advanced Captive Spray
SOURCE (AMR Inc.). The mass spectrometer was programmed to
carry out 11 successive scans, with the first consisting of a full MS
scan from 400-2,000 m/z by FT-ICR at a resolution of 60,000, and
the second to eleventh consisting of data-dependent scans of the top
ten abundant ions obtained in the first scan, by ion trap. Automatic
MS/MS spectra were obtained from the highest peak in each scan
by setting the relative collision energy to 35% and the exclusion
time to 20 s for molecules in the same m/z value range. The molec-
ular masses of the resulting peptides were searched against the non-
redundant NCBI database using the MASCOT program. MS/MS
spectra were also analyzed using MaxQuant software (version
1.5.2.8). Searches were performed using the default parameters with
the following modifications: (i) The minimum peptide length was 5
amino acids, (ii) the minimum score for modified peptides was 10,
and (iii) variable modification was allowed.

Immunoprecipitation of H3K4me2- or H3K9me2-associated
chromatin from S. pombe

Exponentially growing cells (1 x 10'° cells) were treated with 5 mM
N-ethylmaleimide (Nacalai Tesque) for 30 min, and then fixed with
1% formaldehyde for 30 min at 25°C. After quenching the fixation
by adding 150 mM glycine, the cells were harvested and washed
once with PBS and once with PBS containing 25% glycerol. The
pelleted cells were frozen with liquid nitrogen and stored at —80°C
until use. The pelleted cells were resuspended in 10 ml of IP buffer
(50 mM HEPES [pH 7.5], 140 mM NaCl, 1 mM EDTA, 1% Triton X-
100, and 0.1% Na-deoxycholate) supplemented with 1 mM PMSF
and protease inhibitor cocktail (Complete; Roche), and lysed by
glass-bead breakage in a Multi Beads Shocker (Yasui Kikai). The cell
extract was diluted to 80 ml with IP buffer containing 1 mM PMSF
and protease inhibitor cocktail, and sonicated with a Bioruptor
(CosmoBio) for 240 s set at level H. After sonication, the cell extract
was centrifuged at 12,000 xg for 10 min, and the supernatants were
used for immunoprecipitation. Anti-mouse IgG antibody-conjugated
magnetic beads (DYNAL, 500 pl) were preincubated with 10 pg of
primary antibody, anti-H3K4me2 (MABI0303; MABI) or anti-
H3K9me2 (MABI0307; MABI), for 1 h at 4°C, followed by incuba-
tion with the cell extracts for 2 h at 4°C. Total mouse IgG (Millipore)
was used as a control. After immunoprecipitation, the beads were
washed once with IP buffer, and twice each with wash buffer A
(50 mM HEPES [pH 7.5], 500 mM NaCl, 1 mM EDTA, 1% Triton
X-100, and 0.1% Na-deoxycholate), wash buffer B (10 mM Tris [pH
8.0], 250 mM LiCl, 0.5% NP-40, and 0.5% Na-deoxycholate), and
TES buffer (10 mM Tris [pH 7.5], 1 mM EDTA, and 250 mM NacCl).
The bound proteins were eluted with 500 pl of TES buffer contain-
ing 1% SDS, precipitated by adding 2 volumes of ethanol, resolved
by SDS-PAGE, and subjected to Western blotting or LC-MS/MS
analysis.

Silencing assays
Silencing assays were conducted using unsaturated cultures grown
in YEA medium. Serial 10-fold dilutions were spotted on plates with

minimal non-selective medium containing L-glutamic acid as a
nitrogen source instead of ammonium chloride (N/S), minimal
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medium lacking wuracil (-Ura), or minimal medium containing
S-fluoroorotic acid (5-FOA). The plates were then incubated at 30°C
for 2-4 days.

Chromatin immunoprecipitation (ChlIP) analysis

ChIP was performed as described previously [63]. The primers used
in the ChIP analyses are described in Appendix Table S3.

Real-time quantitative reverse transcription PCR (RT-qPCR)

RT-gPCR analyses were performed as described previously [19].
The primers used in the RT-qPCR analyses are described in
Appendix Table S3.

In vitro HMTase assay

HMTase assays were performed as described previously [68] with
some modifications. The substrate (6.2 uM) was mixed with 0.5 uM
recombinant His-Clr4 or GST-Clr4 in 25 pl of reaction buffer
(50 mM Tris-HClI [pH 8.0], 10% [v/v] glycerol, 1 mM DTT, 1 mM
PMSF, and 0.5 pCi of S-[Methyl-3H]-Adenosyl- -methionine [Perki-
nElmer]) and incubated at 30°C for 1 h. The reactions were termi-
nated by adding 4x SDS sample buffer, and the proteins were
resolved by SDS-PAGE and visualized by autoradiography. To
quantify the level of methylated histones, the reactions were
quenched with cold 5% (v/v) trichloroacetic acid and subjected to
filter-binding assays followed by scintillation counting.

Synthesis of K14c-ubiquitylated histone H3

Disulfide-linked ubiquitylated histone H3 was synthesized as
described previously [69]. Human recombinant histone H3.2
proteins containing K14C and C110A substitutions were expressed
in BL21 (DE3) E. coli and purified as described previously [67].
Purified H3.2 proteins were reacted with 2,2’-dithiobis(5-nitropyri-
dine) (DTNP) and dialyzed against sterile water. The ubiquitin—
cysteamine fusion protein was produced as described previously
[66] with some modifications. The DNA fragment encoding human
ubiquitin was inserted into the pTXB1 vector, and the C-terminally
Intein-CBD (chitin-binding domain)-fused ubiquitin produced in
BL21 (DE3) E. coli was purified with a chitin column (New England
Biolabs). Ubiquitin was cleaved from the Intein-CBD portion by
incubating with cysteamine-dihydrochloride (Sigma-Aldrich). The
eluted ubiquitin with a C-terminal aminoethanethiol linker was
further purified by gel filtration chromatography (HiLoad 26/60
Superdex 75 pg; GE Healthcare), dialyzed against sterile water, and
lyophilized. The purified DTNP-reacted histone H3 and ubiquitin—
cysteamine were allowed to react at pH 6.9 to form the disulfide-
linked ubiquitylated histone H3 (H3K14-Ub). H3K14.Ub was puri-
fied with a MonoS column (GE Healthcare) and used as a substrate
in the in vitro histone methyltransferase (HMTase) assay.

GST pull-down assays
GST-fused, full-length, and truncated Clr4 proteins were incubated

with biotinylated ubiquitin (BML-UW8705; Enzo Life Sciences) in
binding buffer (25 mM Tris—HCl [pH 8.0], 100 mM NaCl, 10%
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glycerol, 0.2% NP-40) at 25°C for 2 h. GST fusion proteins and asso-
ciated proteins were pulled down by adding 5 ul of Glutathione
Magnetic Beads (88821; Thermo Scientific). After beads were
washed with washing buffer (125 mM Tris-HCI [pH 8.0], 150 mM
NacCl, 0.01% Tween 20), bound proteins were eluted by boiling with
2x SDS sample buffer. The eluted proteins were resolved by 15%
SDS-PAGE, and the pulled-down biotinylated ubiquitin was
detected by Western blotting using HRP-conjugated streptavidin
(21130; Thermo Scientific).

Expanded View for this article is available online.
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