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Abstract

Dimethylation of histone H3 arginine 2 (H3R2me2) maintains transcriptional silencing by
inhibiting Set-1 mediated trimethylation of H3K4. Here we demonstrate that arginine 2 is also
monomethylated (H3R2mel) in yeast but that its functional characteristics are distinct from
H3R2me2: (a) H3R2mel does not inhibit H3K4 methylation, (b) it is present throughout the
coding region of genes and (c) it correlates with active transcription. Collectively, these results
indicate that different H3R2 methylated states have defined roles in gene expression.
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Covalent post-translational modifications of histones play afundamental role in chromatin
structure and function 1. Histone arginine methylation is one such modification that has been
linked to transcriptional regulation 2. Arginines are methylated on the terminal guanidino
nitrogens and can exist in three different methylation states; monomethylated (mel),
symmetrically dimethylated (me2s) or asymmetrically dimethylated (me2a) 3. Studiesin
mammalian and yeast cells have demonstrated that histone arginine methylation can
influence both gene activation and repression 4. For example, we have recently shown that
asymmetric dimethylation of arginine 2 of H3 (H3R2me2a) in yeast contributesto
transcriptional repression by inhibiting trimethylation of H3K4. Specifically, H3R2me2a
inhibits H3K4me3 by blocking the PHD domain of Setl complex component Sppl from
binding to methylated H3K 4 and therefore, abrogating H3K4 trimethylation by the Setl
methyltransferase 8. Similarly in mammals, H3R2me2a, catalyzed by PRMT6, blocks
binding of the WD40 domain of WDRS5 to histone H3 thus inhibitng H3K 4 trimethylation
mediated by MLL1 %11, Overall, these studies described a function for dimethyl-argininesin
transcriptional regulation. However, the role of mono-methyl arginine still remains
unexplored, even though this modification is detected /n vivo on mammalian histones 6.

Using an antibody against the monomethylated form of H3R2 we show that this
modification (H3R2mel) occurs on yeast histone H3 (Supplementary Fig. 1a). The antibody
recognizes only arginine 2 on histone H3 as mutation of arginine to alanine (H3R2A) or
glutamine (H3R2Q) abolishes the signal (Supplementary Fig. 1b). Furthermore, we

4Correspondence: t.kouzarides@gurdon.cam.ac.uk.



sydLosnue |\ Joyiny siepund D |ANd @doun3 ¢

syduosnue |\ Joyiny siepund DINd @doin3 ¢

Kirmiziset al.

Page 2

demonstrate the specificity of this antibody towards the monomethylated version of H3R2
by dot blot and peptide-competition analyses (Supplementary Fig. 1c and d).

To determine whether H3R2mel functionsin asimilar manner to H3R2me2a we first
examined the effect of this methyl H3R2 state on the recruitment of Sppl to H3K4 /n vitro
and /n vivo. Figure 1A shows that in pull-down assays H3R2mel does not block the
interaction of the Sppl PHD-finger with dimethylated H3K4 peptides (Fig 1A, lane 4).
Consistently, ChlP assays show that /n vivo Sppl occupancy on the 5"-end of genes can
coincide with H3R2mel enrichment but not with the presence of H3R2me2a (Fig. 1b). We
next sought to determine the effect of H3R2mel on the ability of Setl to trimethylate H3K 4.
In agreement with the above results, figure 1c shows that the purified Set1 complex isable
to methylate an H3R2mel peptide almost as well as an unmodified peptide. The specificity
of the Set1 activity is demonstrated by the fact that an H3K4me3 peptide is not methylated
while the presence of H3R2me2a reduces this activity (Fig. 1c, lanes 3 and 4). These results
show that, H3R2mel does not abrogate H3K 4 trimethylation (unlike H3R2me2a) and
suggest that H3R2 monomethylation has a distinct function from asymmetric dimethylation.

Having determined that H3R2mel has functional characteristics distinct from H3R2me2a,
we attempted to determine the role of H3R2mel in transcription. We used a high-resolution
genome-wide ChlP-chip analysis to determine the location of H3R2mel occupancy and its
relationship to gene expression (Supplementary Methods). We found that H3R2mel is
localized mainly within transcriptional units and is present in 85% of yeast genes
(Supplementary Fig. 2). To determine the relationship of H3R2mel to gene expression we
first divided 5065 genesinto five groups according to their transcriptional rate as previously
determined 12 and then examined the average enrichment of H3R2mel for each gene group
(Fig. 2a). Average gene profiles of H3R2mel indicated that this modification is present
evenly throughout the entire coding region of transcriptionally active genes. The enrichment
of H3R2mel correlated with levels of transcriptional activity since the most active genes
were most enriched in this modification (Fig. 2a, left panel). In contrast, analysis of
previously reported data of H3R2me2a showed that this mark is present on the 3”-end of
genes and correlates with transcriptional repression (Fig. 2a, right panel and ref. 8).
Additionally, H3R2me2a covers inactive genes entirely (Fig. 2b, |eft panel). We next
divided al genesinto three differentially expressed categories (inactive, moderately active
and active) in order to investigate the relationship of H3R2mel with other histone methyl
marks. Figure 2b shows that H3R2mel overlaps to some extend with the active lysine
methyl marks H3K4me3, K36me3, and K79me3 on representative moderately transcribed
(YALO023C) and active (YLR390W) genes. Unlike H3R2me2a, the monomethylated form of
this residue overlaps with H3K4me3 at the 5’ end of moderately active genes (Fig. 2b,
middle panel). Thus, together these results indicate that H3R2mel coincides with all other
active modifications on yeast genes and its correlation to transcription is opposite to that of
H3R2me2a.

The above analyses suggested that H3R2mel and H3R2me2a might have opposite rolesin
transcription. Therefore we next asked whether H3R2mel and H3R2me2a are dynamically
exchanged on nucleosomes upon induction of gene expression. To test this, we used the
sporulation pathway as amodel system of inducible gene activity. ChlP analysis of cells
grown in rich media (repressed condition) showed high enrichment of H3R2me2a at
sporulation genes (Hopl and Spr3) as expected, while H3R2mel was not detected at all on
the same nucleosomes (Fig. 3a, time 0 hrs). Most significantly, shifting the cellsin
sporulation media which induced activation of these genes (Fig. 3a, left panels) completely
reversed the levels of the two modifications at those same nucleosomes. H3R2mel was
robustly enriched but there were no traces of H3R2me2a (Fig. 3a, time 18 hrs). These results
confirm that the monomethy! state of H3R2 associates with transcriptional activation.
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Since methylation at H3R2 associated with sporulation genes we next sought to determine
whether H3R2 is necessary for sporulation in yeast. We grew cells that expressed either
wild-type histone H3 (H3WT) or the mutant H3R2A in sporulation mediafor 7 days and
then using microscopy we counted the number of cells that have undergone meiosis| or
meiosis |I. Mutation of H3R2 to alanine resulted in a severe defect of sporulation as only 1%
of cells managed to undergo meiotic nuclear divisions, as opposed to 20% of H3WT cells
(Fig. 3b). Thisresult is consistent with the dynamic regulation of H3R2 methylation on
sporulation genes and suggests that H3R2 plays an important role in the early stages of the
sporulation processin yeast.

In summary, this report unveils for the first time arole for amono-methyl arginine state in
transcription. The results presented here provide evidence that H3R2mel is a methylation
state that occurs /n vivo on yeast nucleosomes. The presence of H3R2mel correlates with
transcriptional activity, which is opposite to the relationship of H3R2me2a with gene
expression. Although both H3R2 methyl-states are enriched within the coding region of
genestheir distribution is also different: mono-methylation is enriched throughout the
coding region of active genes whereas di-methylation is enriched throughout inactive genes
and towards the 3’-end of active genes. The distinct distribution patterns of mono- and di-
methylation are a strong indicator that these two modifications are associated with different
functions.

The functional difference amongst these H3R2 methyl statesis probably conserved in higher
eukaryotes. Recent findings show that PRMT6, the predominant H3R2 methyltransferase,
catalyzes preferentially asymmetric dimethylation implying the existence of a distinct
enzyme that carries out monomethylation 1913, The need for two separate enzymes to
catalyze these modifications suggests that possibly these two methyl states function
differently. Theidentity of an enzyme that would catalyze exclusively H3R2mel in
mammals or yeast remains elusive. Combinatorial deletions of the three putative yeast
arginine methyltransferases (Rmtl, Rmt2, Hsl7) and individual deletions of 35 other yeast
methyltransferases do not affect the levels of this modification (data not shown and
Supplementary Table 1).

The precise function of H3R2mel in the process of transcriptional activation remainsto be
resolved. There are at |east two distinct mechanisms by which H3R2mel can function in
gene expression. In one model, the mono-methyl state isa“passive” mark on chromatin
which is used to identify actively transcribed regions that need to be silenced. In this mode,
the mono-methyl mark is deposited on active genes in order to allow subsequent di-
methylation and consequent repression of transcription. In a second model, mono-
methylation dictates a function (such as the recruitment of a protein) that is necessary for
genes to become or remain active. Such a model would be anal ogous to the recruitment of
chromatin effectors by specific lysine methylation states 1415, Future studies will aim to
decipher the molecular mechanism employed by H3R2mel during gene expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. H3R2mel does not block Setl complex activity towards H3K 4

(a) Pull-down assays using synthesized peptides and recombinant GST-Spp1PHD or GST-
only as a negative control. Equal loading of peptidesis monitored by coomassie staining. (b)
Chromatin immunoprecipitation (ChlP) analysis of logarithmically growing yeast cells using
antibodies towards Myc-Sppl, H3R2mel and H3R2m2a. Error bars represent s.e.m for
duplicate experiments. (c) /n vitro methyltransferase assays using purified Setl complex and
synthesized peptides. Equal amounts of peptides were used in the methyltransferase
reactions as shown by coomassie staining.
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Figure 2. H3R2mel associates with transcriptional activation

(a) Composite profiles of ChlP-chip experiments. (b) ChlP-chip analysis compares the
distribution of various histone methyl marks across three differentially expressed genes. The
H3R2me2a and H3K 4me3 data have been previously described 8.
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Figure 3. H3R2 is necessary for sporulation
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(a) Gene expression analysis and ChlP experiments during induction of sporulation. Gene
expression levels were normalised to a gene, HSD1, whose transcription remains unchanged

before and after sporulation. Error bars represent s.e.m for duplicate experiments. (b)

Sporulation assays of H3WT and H3R2A strains.
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