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Histone methylation is associated with both transcription
activation and repression. However, the functions of different
states of methylation remain largely elusive. Here, using methyl-
lysine analog technology, we demonstrate that the histone
deacetylase complex, Rpd3S, can distinguish the nucleosomes
methylated to different extents and that K36me2 is sufficient to
target Rpd3S in vitro. Through a genome-wide survey, we iden-
tified a few mutants in which the level of K36me3 is significantly
reduced, whereas the level of K36me?2 is sustained. Transcrip-
tion analysis and genome-wide histone modification studies on
these mutants suggested that K36me2 is sufficient to target
Rpd3S in vivo, thereby maintaining a functional Set2-Rpd3S
pathway.

The histone N-terminal tails, as well as their globular
domains, are subjected to various post-translational modifica-
tions, such as acetylation, methylation, phosphorylation, ubiq-
uitination, etc. (1). It is commonly believed that histone modi-
fications function in altering histone-DNA association and/or
internucleosomal interactions or serve as a recognition plat-
form for other chromatin-regulating proteins (2, 3). Histone
methylation is a small modification that has no impact on the
electrostatic charge of either lysine or arginine, and therefore, is
unlikely to have a significant effect on nucleosome structure.
This modification has, however, been shown to play an im-
portant role in signaling for a wide variety of physiological
processes.

The functions of histone methylation were originally studied
most extensively in transcriptional repression. Histone H3K9
methylation was first shown to specifically recruit heterochro-
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matin protein 1 (HP1) via its chromodomain to silence gene
expression (reviewed in Ref. 4). Later, it was discovered that
H3K27me recruits the chromodomain-containing polycomb
group complexes (5, 6), which are implicated in HOX gene
silencing and X-inactivation (reviewed in Ref. 7). As for tran-
scriptional activation, three major histone methylation marks,
H3K4me, K36me, and K79me, are known to primarily associate
with actively transcribed genes (1). Many protein domains
within chromatin-associated complexes can selectively bind to
H3K4 depending on its methylation status. The inhibitor of
growth (ING) family of PHD domains can recognize H3K4me,
which leads to the recruitment of histone deacetylase com-
plexes, the NuA3 histone acetyltransferase complex, or chro-
matin-remodeling complexes (NuRD) (8, 9). By contrast, the
PHD* finger of BHC80 binds to unmethylated H3K4, and
thereby, repels the demethylase LSD1 from its substrates,
maintaining the level of H3K4 methylation (10). A more direct
function of K4me in transcription was recently revealed by Sims
et al. (11). The recognition of K4me3 by the chromodomain of
CHDL1 helps coordinate the RNA processing activity (11).

When compared with the diverse roles of K4me, the function
of K36me appears relatively straightforward. Methylation at
H3K36 is carried out by Set2, a conserved histone methyltrans-
ferase that specifically associates with elongating RNA poly-
merase II (reviewed in Ref. 12). K36me2 and K36me3 are highly
enriched at the 3’ sides of the open reading frames (ORFs) and
can be recognized by the chromodomain of Eaf3 with the help
of the PHD domain of Rcol. Eaf3 and Rcol are subunits of the
Rpd3S histone deacetylase complex; they target this complex to
the Lys-36 methylated coding regions of transcribed genes.
The recruitment of Rpd3S is responsible for maintaining a
hypoacetylated state at coding regions throughout the entire
genome, which in turn suppresses cryptic transcription initia-
tion from within the body of the genes (13—17). This pathway
also represses meiotic recombination at certain hot spots in
budding yeast (18).

Histone methylation not only occurs on different lysine res-
idues but also takes place to different extents, namely at mono-,
di-, and trimethylation. In some cases, all states of methylation

“The abbreviations used are: PHD, plant homeodomain; ORF, open reading
frame; MLA, methyl-lysine analogs; ChIP, chromatin immunoprecipitation;
TAP, tandem affinity purification; GPS, global proteomic analysis; AcH4,
acetylated H4.

VOLUME 284 -NUMBER 12+MARCH 20, 2009



H3K36me2 Is Sufficient to Recruit Rpd3s

A. 15282.0
100 15253.0 100
{ Kc36meO Kc36me2
¥ x 15353.0
15209.0 '52l9.;?l/
0- 0
15296.0
1004 15267.0 -
{ Kc36me1l Kc36me3
| . %
lszm{i 15380.0
7 —
c L) L L L L) O
B. recombinant MLA C. recombinant MLA
nucleosomes nucleosomes
SON SON
Unmodified K36me1 K36me2 K36me3 Unmodified K36me1 K36me2 K36me3
= - i i ot o Rpd3s s - e e i Chd1-TAP
L eEEm R el

——— e e e W

¥ R — e e e

216 DNA

¥ . - — e D -

216 DNA

FIGURE 1. Rpd3S preferentially binds to H3K36 di- and trimethylated nucleosomes. A, mass spectra (ESI-oaTOF) analysis demonstrates that the majority of
end products are correct forms of Lys-36 methyl-lysine mimic histones. The y axis denotes relative intensity. The * denotes a mass spectrometry artifact peak
at +41 that does not appear on other spectrometers and is present in both the starting material and the methylated histone products. B, Rpd3S preferentially
binds to the di- and trimethylated nucleosomes. Recombinant MLA nucleosomes are reconstituted through the serial dilution method followed by gel
purification. SON, short oligonucleosomes, represents the nucleosomes made through the octamer transfer method using extracted native HeLa nucleosomes
(Nuc). G, Chd1-TAP served as a negative control that cannot distinguish nucleosomes methylated at Lys-36 or that are unmethylated. The * marks represent the

partially dissociated nucleosome population.

are determined by a single modifying enzyme, such as yeast Set2
(H3K36), COMPASS (Setl) (H3K4), and Dotl (H3K79); for
others, multiple methyltransferases are required to reach dif-
ferent levels of methylation. For instance, in mouse and flies,
HYPB, the yeast Set2 homologue, only controls H3K36 trim-
ethylation, whereas Drosophila MES4 regulates the mono- and
dimethylation of H3K36 (19, 20). More intriguingly, many his-
tone demethylases also prefer substrates that are methylated to
specific states. Yeast Rphl is more active toward K36me2 and
K36me3, whereas Jhd1 favors K36me2 and K36mel (Klose et al.
(33)). The fact that both modifying and demodifying enzymes
are geared toward different methylation states underscores
their importance. Moreover, the states of histone methylation
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are differentially regulated by other mechanisms as well. His-
tone H2B ubiquitination is only required for H3K4 di- and tri-
methylation but not for monomethylation (1). Recently,
Youdell et al. (21) showed that Ctkl and Spt6 are involved in
regulating the level of Lys-36 trimethylation but not dimeth-
ylation when Set2 is overexpressed. Lastly, the genome-wide
distribution pattern of different states of histone methylation is
also very indicative of their potentially diverse functions.
K36me2 and K36me3 are both enriched at coding regions.
However, only the enrichment of K36me3 is proportional to the
transcription frequency of the underlying genes, whereas the
enrichment of K36me2 correlates with the overall on/off state
of transcription (22, 23). As for K4me, the peak of K4me3 is
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located at the 5’ end of ORFs, whereas the enrichment of
K4me2 and K4mel is within the coding regions but more
toward the 3’ end. Although all K4me states are found at the
coding regions, only the enrichment of K4me3 displays a strong
correlation with transcription potency (reviewed in Ref. 24). On
the other hand, it was postulated that all three states of K79me
contribute equally to its function, based on the distributive cat-
alytic nature of Dotl, which methylates Lys-79, and evidence
that the sum of all methylation states of Lys-79 correlate with
silencing activity (25).

Despite much reasonable speculation regarding whether dif-
ferent methylation states of histones play distinct physiological
roles, this question has not been carefully addressed experi-
mentally. With our long term interests on the function of
H3K36me, we set out to test the hypothesis above by asking
whether the Rpd3S complex can distinguish nucleosomes that
are methylated at lysine 36 to different extents. Using a recently
developed methyl-lysine analogs (MLA) technology, we discov-
ered that Rpd3S binds to H3K36 di- and trimethylated at a
much higher affinity than monomethylated or unmodified
nucleosomes in vitro. We then carried out a global proteomic
analysis (GPS) screen to look for the mutants that only display
defects on K36me3 but not K36me2. Gene expression analysis
and genome-wide chromatin landscape surveys on those
mutants demonstrate that K36me2 is indeed sufficient for
recruiting Rpd3S in vivo and for maintaining a functional Set2-
Rpd3S pathway.

EXPERIMENTAL PROCEDURES

MLA Histone Preparation, Nucleosome Manipulation,
and Gel Shift Assays—Recombinant Xenopus histones
(H3K36C, H4, H2A, and H2B) were individually expressed in
BL21 codon plus-RIL (Stratagene) cells and purified as
described (26). Methyl-lysine analog histones were prepared
using the previous protocol (27), and histone octamers were
isolated through a Superdex 200 gel filtration column.
Mononucleosomes were then reconstituted using a 216-bp
DNA probe containing 601 sequence via the serial dilution
method (16), and the resulting nucleosomes were gel-puri-
fied prior to the electrophoretic mobility shift assay experi-
ments as described (16). Short oligonucleosomes (SON) used
in Fig. 1B were reconstituted through the octamer transfer
method using extracted native HeLa nucleosomes and the
32p_labeled 216-bp 601-DNA probe (28).

Functional Genomics—The GPS screen was performed
essentially as described in Ref. 29 with antibodies raised against
dimethyl and trimethyl H3K36 peptides.

ChiP-on-Chip Assay and Data Analysis—Chromatin
immunoprecipitation was carried out as described previ-
ously using anti-acetylated H4 antibody (Upstate Biotech-
nology) (26, 30). Approximately 10-30 ng of chromatin was
immunoprecipitated, and whole cell extract DNA was ampli-
fied according to the round A/B/C random amplification of
DNA protocol (26). Amplified DNA from round B was puri-
fied by a QIAquick mini-elute PCR purification kit (catalog
number 28004) and quantified with the ND-1000 spectro-
photometer. From this point on, all procedures were carried
out in an ozone-free atmosphere to preserve the integrity of
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FIGURE 2. Identification of Paf1 gene product to be required for histone
H3 lysine 36 trimethylation by GPS. Yeast whole cell extracts were made
from each of the non-essential gene deletion mutants of the Saccharomyces
cerevisiae genome and were resolved on SDS-PAGE. The histone H3K36me3
antibody was used to carry out the GPS screen. Blue arrows indicate empty
wells as place markers. The red arrow indicates the position of the PAFT dele-
tion mutant at plate location D7.

the dye coupling. 2.5 ug of the round B product was then
labeled with the ULS array CGH labeling kit (BioMicro
EA-005). Dye coupling efficiency was quantified with the
ND-1000 and the DoL (degree of labeling or amount of dyes
per 100 is normally between 0.5 and 2.5.). 2 ug of Cy3 labeled
DNA and 2 ug of Cy5 labeled DNA were then hybridized to
one array of an Agilent 4X44K yeast whole genome ChIP-on-
chip array (catalog number G4493A). Arrays were hybrid-
ized at 20 RPM for 24 h at 65 °C and were washed according
to the manufacturer’s protocol (Version 9.2). Finally, arrays
were scanned with the Agilent G2505B scanner with the
extended dynamic range option (80 photomultiplier tube
high and 20 photomultiplier tube low). Data were extracted
with Agilent feature extraction version 9.5.3.1. All experi-
ments were performed in duplicates with Pearson correla-
tion exceeding 0.85. The average gene analysis was described
in Ref. 16.

RESULTS

Rpd3S Recognizes Nucleosomes Methylated at Different
States—We have demonstrated that the histone deacetylase
complex Rpd3S preferentially binds to nucleosomes that are
methylated at lysine 36 in a defined biochemical assay (16).
However, because modification reactions were carried out
enzymatically using recombinant Set2, the end products were
primarily the mixture of di- and trimethylated nucleosomes.
Therefore, it was difficult to utilize this method to obtain a
homogenous population of nucleosomes that are only methyl-
ated to certain states. To overcome this problem, we took
advantage of a recently developed technology in which recom-
binant histones are chemically modified to synthesize uniform
and functional methyl-lysine analogs (27). Mass spectra analy-
sis showed that the majority of the end products are the correct
forms of Lys-36 methyl-lysine mimic histones (Fig. 14). We
then reconstituted these MLA histone octamers into mononu-
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FIGURE 3. Multiple genes affect the states of methylation at lysine 36 of histone H3. A, roles of the Rad6-
Bre1 and Paf1 complexes (A) in H3 Lys-36 trimethylation. Cell extracts were obtained from several components
of each complex and subjected to SDS-PAGE followed by Western blotting using antibodies specifically against
different methylation states of histone H3. Anti-acetyl H3 was also applied as a load control. WT, wild type.
B, Lge1 is required for proper H3 Lys-36 trimethylation. Lys-36 trimethylation was restored after transforming
of a plasmid carrying LGE1, which contains a FLAG tag at their C terminus and is under the control of the GAL1
promoter, to strains that are lacking Lge1. Cell extracts were subjected to SDS-PAGE and Western blotting
using the indicated antibodies. Anti-acetyl H3 was used as a loading control, and anti-FLAG was used to detect

expression of targeted proteins.
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FIGURE 4. Dimethylation of H3K36 in various mutants is sufficient for
normal suppression of cryptic promoters at the STE11 gene. Yeast strains
grown exponentially were subjected to Northern blot analysis using probes
against STE11 (5’ ORF or 3’ ORF). FL denotes full-length transcript; short tran-
scripts refer to transcripts initiated from cryptic promoters. WT, wild type.

cleosomes with a 216-bp DNA segment that contains a 601-
nucleosome positioning sequence. The gel shift experiments
were performed using a native Rpd3S complex that was purified
through the tandem affinity purification (TAP) approach from
yeast. Indeed, we found that Rpd3S robustly binds to both
K36me2 and K36me3 nucleosomes, with K36me3 having
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a slightly higher affinity (Fig. 1B).
In contrast, monomethylated and
unmodified nucleosomes only dis-
play background levels of binding.
To demonstrate the specificity of
interactions between MLA nucleo-
somes and Rpd3S, we also showed
that, unlike Rpd3S, Chdl-TAP
could not discriminate differently
modified K36me nucleosomes (Fig.
1C). This result demonstrates that
K36me2 is sufficient to recruit
Rpd3S in vitro, whereas K36mel is
not adequate.

Identification of Genes That
Specifically Regulate H3K36 Tri-
methylation—Based on our bio-
chemical evidence above, we spe-
culated that K36me2 might be
sufficient to target Rpd3S. However,
to test this hypothesis in vivo, we
needed mutants that show defects
in H3K36me3 but not in K36me2.
To this end, we systematically sur-
veyed the entire non-essential gene
knock-out collection using anti-
bodies against H3K36me2 and
H3K36me3. Our initial screen
scored a few potential candidates,
such as Pafl, a component of a large
complex that participates in tran-
scription elongation (Fig. 2), and
Lgel, a protein associated with Brel ubiquitin-protein isopep-
tide ligase (E3) ligase for H2B ubiquitination (GPS data not
shown). To further confirm these candidates, we performed a
comprehensive titration analysis. As shown in Fig. 34, we found
that in the ApafI mutant, K36me3 was completely eliminated,
but a significant amount of K36me2 remained. We also
observed a clear reduction in the levels of K36me3 in the Algel
mutant, whereas K36me2 remains within the normal levels
(Fig. 3A). Surprisingly, we did not observe a similar reduction of
K36me3 in the Arad6 and Abrel mutant, in which H2B ubiq-
uitination defects are supposed to be more pronounced (1).
This suggests that H2B ubiquitination may not directly relate to
the regulation of K36me3 and that Lgel may have an independ-
ent role in this process. (Fig. 3B).

To rule out the possibility of secondary mutations spontane-
ously arising in our initial mutants, we examined the mutants in
a complementation assay. We transformed a plasmid carrying
the LGEI gene under the control of the GALI promoter into
Algel. Indeed, when the level of Lgel is restored in the mutant
under the inducible condition (Fig. 3B), K36me3 is recovered
accordingly.

At this point, we do not know whether these proteins play
any direct roles in regulating the level of K36me3. However,
given that these mutations result in specific defects on K36me3
but not on K36me2, we decided to use these reagents to test
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FIGURE 5. Deletion of PAF1 does not lead to genome-wide increase of histone H4 acetylation level at the 3’ end of coding region, a typical phenotype
seen in the Set2-Rpd3S defective mutants. ChIP-chip was performed using Agilent high resolution tiling arrays. The log2 ratio of acetylation of H4 (AcH4) in
mutants over AcH4 in wild type was subjected to a modified average gene analysis (17). All genes were divided into multiple subclasses based on either their
ORF length or their transcription frequency in complete mediums. The averages of each subclass were plotted, with the number of genes in each class being

indicated within the parentheses in the white box.

whether K36me2 can function alone in the absence of K36me3
in the Set2-Rpd3S pathway.

H3K36me2 Is Sufficient for Maintaining a Functional Set2-
Rpd3S Pathway—Our previous studies have demonstrated that
defects in the Set2-Rpd3S pathway inevitably lead to the gener-
ation of spurious transcripts at the STEI1 gene (13). Thus, we
performed Northern blot analysis using 3’ and 5’ probes of
STE11I on a collection of mutants discovered above. As shown
in Fig. 44, unlike Aset2, all of the PAF complex mutants, Abrel
and Algel, do not display any cryptic transcription phenotype.
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This result indicates that K36me2 within those mutants is suf-
ficient to repress unwanted transcription at these genes.

To further evaluate the effect of K36me2 on a genome-wide
scale, we sought to understand whether K36me2 alone, as in
Apafl, could maintain a hypoacetylated state at the coding
regions. We have previously shown that deletion of SET2 or
RCOI results in a genome-wide increase of acetylated H4
(AcH4) at coding regions, which peaks toward the 3’ end of the
ORFs (17). This change is likely due to the loss of Lys-36 meth-
ylation because the profile of distribution changes resembles
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that of K36me3 in the wild type. With this in mind, we decided
to examine AcH4 distribution in the ApafI mutant using ChIP-
chip technology with Agilent high resolution yeast tiling arrays.
When the genome-wide average of distribution changes was
plotted, we noticed that the deletion of PAF1 causes an appar-
ent AcH4 surge (data not shown). However, this increase seems
tolocate more toward the 5’ end of the ORF relative to that seen
in Arcol (data not shown). To further dissect this trend, we
divided the entire genome into multiple subgroups based on
their ORF length (Fig. 5, left side) or transcription frequency
(Fig. 5, right side) and then plotted the average values of each
group against their relative position to the ORFs (Fig. 5).
Although the overall changes as illustrated in Fig. 5 are similar
to what we have seen in the genome-wide average pattern, we
noticed that in the ApafI mutant, particularly for long genes,
AcH4 increases primarily at the promoter proximal regions
(Fig. 5, upper left). This change is dramatically different from
that in the Set2-Rpd3S mutant (Arcol) where acetylation
increases largely at the main body of the ORFs (Fig. 5, lower left).
We reasoned that perhaps the remaining K36me2 in Apaf1 is
sufficient for recruiting Rpd3S to the coding regions and main-
taining a functional Set2-Rpd3S pathway, which governs the
level of acetylation at regions that are away from the promoters.
This conclusion is also consistent with our earlier results (Fig.
4) showing that no cryptic transcript phenotype is observed in
Apafl. Although at the moment we do not understand the
molecular mechanism by which the deletion of PAF1 leads to
acetylation increases at promoter proximal areas, we speculate
that drastically altered K4 methylation and ubiquitination at
the same location in the Apaf1 mutant contribute.

DISCUSSION

Many lysine residues of histones are methylated to different
states. An obvious assumption in the field is that these different
states of methylation may somehow play distinct roles in regu-
lating chromatin dynamics. However, so far, very few studies
have been reported to directly test this hypothesis, particularly
in the context of chromatin. In this study, we set out to measure
the role of H3K36 mono-, di-, and trimethylation in regulating
the association of the native Rpd3S histone deacetylase com-
plex with nucleosomes. We found that both di-Lys-36 methyl-
ated and tri-Lys-36 methylated nucleosomes strongly bind to
Rpd3S, with K36me3 having the highest affinity. By contrast, we
found that the affinity of monomethylated nucleosomes to
Rpd3S was as low as that of the unmodified ones (Fig. 1B),
implying that the gap between mono- and dimethylation may
be critical for Rpd3S binding and, consequently, the Set2-
Rpd3S pathway. Thus, it appears that K36me?2 is sufficient to
recruit Rpd3S in vitro. To test whether this is also true in vivo,
we needed mutants that contained K36me2 but lacked
K36me3. A K36me2 and K36me3 GPS screen was subsequently
carried out, aiming to search for such specific mutants. This
screen led us to two potential candidates: PAFI and LGEI.Inan
independent study, Chu et al. (31) also discovered that the dele-
tion of multiple subunits of the PAF1 complex individually
resulted in specific defects on K36me3 but not K36me2. We
then tested the cryptic transcription phenotype and global
acetylation status in the Apafl mutant. It turned out that the
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remaining level of K36me2 in ApafT is sufficient for a functional
Set2-Rpd3S pathway. This conclusion is in good agreement
with another study in which they demonstrated that K36me?2 is
capable of directing histone deacetylation and repressing spu-
rious transcript using a different genetic system (21).

Our study suggests that K36me2 and K36me3 may play
redundant roles in recruiting Rpd3S, whereas K36mel fails to
do so. This notion echoed a recent finding that di- and tri-, but
not monomethylation, on H3K36 marks actively transcribed
genes in Arabidopsis thaliana (32). It is possible that K36mel
may not make enough contact with the chromodomain of Eaf3
to sustain a strong interaction. Detailed structural studies in the
future might shed light on this aspect.

Although we suggest here that K36me2 and K36me3 have
some redundant functions, this does not necessarily mean that
their true biological roles in cells are identical. In fact, only
K36me3 correlates with transcription frequency, whereas
K36me?2 is only linked to the on/off states of transcription. So
perhaps the stronger interaction between K36me3 and Rpd3S
(Fig. 1B) may be more advantageous to recruit Rpd3S at highly
transcribed genes where nucleosome density is low. In conclu-
sion, we believe that, as far as K36me is concerned, different
states of methylation potentially play very different biological
roles. This observation is quite different from the proposed
function of H3K79 methylation in silencing. Frederiks et al. (25)
recently proposed that all three states of H3K79 methylation
might function in silencing. This conclusion was primarily
based on genetic evidence showing that the total amount of
Lys-79 methylation is proportional to its silencing activity. The
rationale is that K79me may serve as a signal to repel some
chromatin binding factors (the SIR complex for instance) and
that Dotl is a non-processive enzyme; thus, any methyl state
may function in silencing. Thus, the methylation of states of
particular lysines may differ in their functional readout in gene
regulation pathways.
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